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CHAPTER I
INTRODUCTION
Form factors play an extremely important role in hadron physics since they
contain the information of the structure of hadrons, in particular their shape and
size. In addition, form factors describe the distributions of charge and current
in momentum space, which are intimately related to the internal structure of
hadrons: the constituents of hadron, their interaction and their wave functions.
Therefore, form factors are also signiﬁcant touchstones for any model in hadron
physics. Among all form factors, the nucleon electromagnetic and axial form
factors have received much attention since they supply necessary information on
the electroweak nucleon structure, and also help us understand electromagnetic
and weak interactions. Until very recently, the nucleon electromagnetic and axial
form factors have been measured experimentally with high precision.
Experimentally, the proton charge GpE(Q2) and magnetic G
p
M(Q2) form fac-
tors have been measured directly in the unpolarized ep elastic scattering using the
Rosenbluth separation technique (Rosenbluth, 1950). Experimental data from
such measurements were in high precision for GpE(Q2) with the squared momen-
tum transfer Q2 ∈ [0.01, 2] GeV2 (Berger et al., 1971; Price et al., 1971; Hanson
et al., 1973; Bartel et al., 1973; Borkowski et al., 1974; Murphy et al., 1974;
Borkowski et al., 1975; Andivahis et al., 1994; Walker et al., 1994) and GpM(Q2)
for Q2 ∈ [0.1, 30] GeV2 (Berger et al., 1971; Price et al., 1971; Hanson et al., 1973;
Bartel et al., 1973; Borkowski et al., 1974; Borkowski et al., 1975; Arnold et al.,
1986; Bosted et al., 1992; Andivahis et al., 1994; Walker et al., 1994). However,
 
 
 
 
 
 
 
 
2the uncertainties on GpE(Q2) grow rapidly as the squared momentum transfer Q2
increases. More precise data on the ratio of GpE(Q2)/G
p
M(Q2) were extracted by
the polarizations of the beam electron and either the proton target p⃗(e⃗, e′p) (Mil-
brath et al., 1998; Gayou et al., 2002; Ron et al., 2011; Zhan et al., 2011) or
the scattered proton p(e⃗, e′p⃗) (Jones et al., 2006; Crawford et al., 2007), in which
the uncertainties are much smaller than those from unpolarization measurements.
The data obtained from polarization measurements clearly show that the ratio of
GpE(Q2)/G
p
M(Q2) decreases linearly with increasing the squared momentum trans-
fer Q2.
Owing to the lack of free neutron, the data on the neutron charge
GnE(Q2) (Platchkov et al., 1990) and magnetic GnM(Q2) (Anklin et al., 1994; Anklin
et al., 1998; Kubon et al., 2002; Lachniet et al., 2009) form factors were obtained
from quasi-elastic scattering oﬀ the deuteron. As in the case of proton electro-
magnetic form factors, the polarized measurement technique was applied to extract
more accurate data on the ratio of GnE(Q2)/GnM(Q2) from scattering polarized elec-
trons on polarized 3He (Herberg et al., 1999; Zhu et al., 2001; Warren et al., 2004;
Glazier et al., 2005; Plaster et al., 2006), although experimental data of GnE(Q2)
is still small and less precise in general.
For the axial form factor of the nucleon, two methods are mainly applied,
namely (anti)neutrino scattering oﬀ protons (Ahrens et al., 1987) or nuclei (Kus-
tom et al., 1969) and charged pion electroproduction (Amaldi et al., 1970; Nambu
and Yoshimura, 1970; Amaldi et al., 1972; Bloom et al., 1973; Brauel et al., 1973;
Read, 1974; Guerra et al., 1976; Esaulov et al., 1978). For more details on the
nucleon electromagnetic and axial form factors, we refer to Refs. (Arrington et al.,
2007; Bernard et al., 2002).
Except for the nucleon N, there is no direct experimental data for light
 
 
 
 
 
 
 
 
3hyperons (Σ, Λ and Ξ) electromagnetic and axial form factors. However, the
magnetic moments and axial charge of the octet baryons (the electromagnetic and
axial form factors at zero recoil) have been measured experimentally (Beringer
et al., 2012) and evaluated in Lattice QCD (Erkol et al., 2010). Recently, the
charge radius of the Σ− has also been determined (Eschrich et al., 2001). These
data supply the primary information of the light hyperon form factors at low
momentum transfer and inspire theoretical studies on octet baryon form factors.
It is widely believed that Quantum Chromodynamics (QCD) is the right
dynamics of strong interaction and has been extremely well tested in the high-
energy region, i.e., in the perturbative QCD regime. In the conﬁnement regime
where the momentum transfer is low, however, the strong coupling constant αs is
large (Beringer et al., 2012) and multi-loop perturbative calculations are needed.
Therefore, traditional perturbative approaches may not be applicable in solving
QCD conﬁnement problems. Due to the fact that QCD may be is non-perturbative
at low energy, various approaches were employed to study properties of baryons
such as:
• Lattice QCD (Wilson, 1974): Lattice QCD is based on the ﬁrst principles of
QCD to solve non-perturbative QCD problems. In lattice QCD, quark ﬁelds
are located at discrete space and time lattice sites, while gluon ﬁelds link
the neighboring sites. The continuum QCD is recovered when the spacing
of lattice sites is reduced to zero. Lattice QCD has already made successful
contact with many experiments, and it has also given some predictions, in
which lattice QCD calculations fully depend on computer power.
• Chiral perturbation theory (ChPT) (Scherer, 2003): The ChPT is an ef-
fective ﬁeld theory at hadronic level. In the ChPT, the Lagrangian is con-
structed with all the physical symmetries, including the chiral symmetry.
 
 
 
 
 
 
 
 
4The parameters of the Lagrangian can be determined by ﬁtting theoreti-
cal results to experimental data. The ChPT is a powerful tool for nuclear
physics, even for hadron physics at the low energy regime, but it is not
suitable for revealing the internal structure of hadrons at the quark level.
• Eﬀective quark model: Models are based on constituent (valence) quarks,
for example, three quarks for a baryon, two (quark and antiquark) for a
meson. The gluonic degrees of freedom are usually replaced by eﬀective
interactions. In general, models are established with phenomenological as-
sumptions, which lead to a variety of versions.
In this thesis, we focus on the perturbative chiral quark model (PCQM) (Lyubovit-
skij et al., 2001b; Lyubovitskij et al., 2001c; Lyubovitskij et al., 2002a) to study
the octet baryon electromagnetic and axial form factors at the low energy region.
Historically, MIT bag model (Chodos et al., 1974a; Chodos et al., 1974b;
DeGrand et al., 1975), proposed in 1974 by A. Chodos et al, provided a phe-
nomenological description of quarks being conﬁned inside hadrons. The basic idea
of the model is to conﬁne three relativistic massless quarks to a spherical cavity,
the so-called “bag”. Inside the bag, quarks are treated as non-interacting parti-
cles, which implies asymptotic freedom. The theoretical works in this model were
in good agreement with experimental data. Unfortunately, the MIT bag model
necessarily violated the chiral symmetry, which was considered to be one of the
best symmetries of the strong interaction.
Subsequently, two types of quark models were developed through intro-
ducing the pion cloud to the MIT bag model for the sake of restoring the chiral
symmetry. One was cloudy bag model (The´berge et al., 1980; Thomas et al.,
1981; Thomas, 1984) which was extended to include the interaction of the con-
ﬁned quarks with the pion ﬁelds on the bag surface. The pion cloud was treated
 
 
 
 
 
 
 
 
5perturbatively based on the MIT bag, and pionic eﬀects generally improved the
description of nucleon observables. Nevertheless, the cloudy bag model still ad-
hered to “bag”. Later, the other model named chiral quark model was developed
where the rather unphysical sharp bag boundary was replaced by a ﬁnite surface
thickness of the quark core. Chiral quark models (Chin, 1982; Oset et al., 1984;
Gutsche and Robson, 1989) have played an important role in the description of
low-energy nucleon physics. Conﬁnement is introduced through a static quark
potential of general form with adjustable parameters. The perturbative technique
allows a fully quantized treatment of the pion ﬁeld up to a given order in accuracy.
Perturbative chiral quark model(PCQM) (Lyubovitskij et al., 2001a;
Lyubovitskij et al., 2001b; Lyubovitskij et al., 2001c; Lyubovitskij et al., 2002a;
Lyubovitskij et al., 2002b; Pumsa-ard et al., 2003; Cheedket et al., 2004; Khoson-
thongkee et al., 2004; Faessler et al., 2008) as a further development of chiral quark
models with a perturbative treatment of the pion cloud, is realized by relativistic
quark wave functions and static potential for conﬁnement as well as the chiral
symmetry requirements. In the PCQM, baryons are considered as bound states of
valence quarks surrounded by not only the pion cloud but also other pseudoscalar
meson cloud, as imposed by chiral symmetry requirements. The interaction of
quarks with the pseudoscalar octet mesons (π, K, and η-meson) is introduced on
the basis of the nonlinear σ-model (Lyubovitskij et al., 2001b). The conﬁnement
of the quarks is achieved by a static potential, where the lorentz covariance is not
implied. The PCQM is one of the eﬀective approaches to study the structure and
interactions of baryons in low-energy physics.
Compared to the previous similar models, the PCQM contains several new
features: (i) generalization of the phenomenological conﬁning potential, (ii) SU(3)
extension of the chiral symmetry to include meson cloud contributions, (iii) con-
 
 
 
 
 
 
 
 
6sistent formulation of perturbation theory both on the quark and baryon level
by using renormalization techniques and by taking into account excited quark
states in the meson loop diagrams, (iv) fulﬁllment of the constraints imposed by
the chiral symmetry (low-energy theorems), and (v) possible consistency with the
ChPT (Lyubovitskij et al., 2002a).
As an improvement to the PCQM, a manifestly Lorentz covariant ap-
proach (Faessler et al., 2005; Faessler et al., 2006a; Faessler et al., 2006b; Faessler
et al., 2006c) is considered by Pumsa-ard et al. The Lorentz covariant quark
model is motivated by the ChPT, where high order chiral corrections of p4 are
included and the quark operators are dressed by the chiral ﬁelds. In a similar way
to the PCQM, the dressed quark operators are projected onto the baryonic level
in order to obtain hadronic matrix elements. By adjusting Low Energy Constants,
the physical observables are obtained. In Refs. (Faessler et al., 2005; Faessler
et al., 2006c), electromagnetic form factors of nucleons are studied with including
vector-meson contributions. Electromagnetic properties of hyperons and N → ∆γ
transition are investigated in Refs (Faessler et al., 2006a; Faessler et al., 2006b).
The theoretical results are in good agreement with experimental data both at very
low momentum transfer and high energies.
The PCQM has been applied to study low-energy meson-baryon scatter-
ings (Lyubovitskij et al., 2001c), electromagnetic excitations of nucleon reso-
nances (Pumsa-ard et al., 2003), nucleon polarizabilities (Dong et al., 2006) and
neutron electric dipole form factor (Dib et al., 2006), etc. In Refs. (Lyubovitskij
et al., 2001a; Cheedket et al., 2004; Faessler et al., 2008) and Ref. (Khosonthong-
kee et al., 2004), electromagnetic form factors of the baryons and axial form factor
of the nucleon are derived in the PCQM, and the theoretical results are in good
agreement with experimental data only at very low momentum transfer. It is
 
 
 
 
 
 
 
 
7noted that these works have employed a variational Gaussian ansatz for the quark
wave function,
u0(x⃗) = N0 exp
(
− x⃗
2
2R2
) 1
iρ σ⃗·x⃗
R
χsχfχc, (1.1)
where N0 is a normalization constant; χs, χf and χc are the spin, ﬂavor and
color quark wave functions, respectively. R is the dimensional parameter and
ρ is the dimensionless parameter. As mentioned before, the internal structure
of hadrons dominates the form factors, and therefore we believe that it is the
Gaussian-type wave function of baryons which leads to the theoretical predictions
for the form factors of baryons consistent well with experimental data only at very
low momentum transfer. In this work we attempt to extract a more reasonable
quark wave functions in the PCQM. We expand the general quark wave function
in a completed basis of Sturmian functions (Rotenberg, 1970) with expansion
parameters determined by ﬁtting the theoretical results of proton charge form
factor to experimental data. The electromagnetic and axial form factors of octet
baryons are studied in the PCQM with the ﬁtted quark wave function.
This thesis is organized as follows. In Chapter II, we describe the details
of the PCQM and Sturmian completed basis. The theoretical expressions of elec-
tromagnetic form factors of octet baryons are given in Chapter III. We determine
the quark wave function and derive numerical results for the electromagnetic form
factors of octet baryons in this chapter. In Chapter IV, the axial form factors of
octet baryons are presented in the PCQM with the quark wave function ﬁtted in
Chapter III. Finally, conclusions and discussions are given in Chapter V.
 
 
 
 
 
 
 
 
CHAPTER II
PERTURBATIVE CHIRAL QUARK MODEL
The Perturbative Chiral Quark Model (PCQM) employed in this thesis is a
relativistic quark model, including relativistic quark wave functions, conﬁnement
and chiral symmetry requirements. The valence quarks move in a self-consistent
ﬁeld (static potential) Veﬀ(r) = S(r)+γ0V (r), with r = |x⃗|, providing conﬁnement,
which are supplemented by a cloud of Goldstone bosons (π, K, and η). Goldstone
ﬁelds are treated as small ﬂuctuations around the three-quark (3q) core. The
eﬀective of the PCQM can be given by
Leﬀ(x) = Linv(x) + LXSB(x), (2.1)
with Linv(x) being the chiral invariant Lagrangian
Linv(x) = ψ¯(x)
i∂/− γ0V (r)− S(r)
U + U †
2 + γ
5U − U †
2
ψ(x)
+ F
2
4 Tr
[
∂µU∂
µU †
]
, (2.2)
and LXSB(x) breaking the chiral symmetry explicitly
LXSB(x) = −ψ¯(x)Mψ(x)−
B
2 Tr
[
Φˆ2(x)M
]
, (2.3)
where ψ(x) is the triplet of the u, d, and s quark ﬁelds taking the form
ψ(x) =

u(x)
d(x)
s(x)
 , (2.4)
 
 
 
 
 
 
 
 
9and the eight Goldstone bosons are most conveniently summarized in the matrix
U ∈ SU(3) represented by the exponential parameterization
U = exp
i Φˆ
F
 ≃ 1 + i Φˆ
F
+ 12
i Φˆ
F
2 + · · · . (2.5)
In the above equations Φˆ is the octet matrix of pseudoscalar mesons
Φˆ =
8∑
i=1
Φiλi =

π0 + 1√3η
√
2π+
√
2K+
√
2π− −π0 + 1√3η
√
2K0
√
2K−
√
2K¯0 − 2√3η
 . (2.6)
M = diag{mu,md,ms} is the mass matrix of current quarks, restricted to the
isospin symmetry limit mu = md = mˆ. F and B are respectively the pion decay
constant in the chiral limit and the quark condensate constant. In our calculation,
we employ the following set of QCD parameters: mˆ = 7 MeV, ms/mˆ = 25,
F = 88 MeV and B = −⟨0|u¯u|0⟩ = −⟨0|d¯d|0⟩ = 1.4 GeV. To the leading order of
the chiral expansion, the masses of the pseudoscalar mesons take the values,
M2π = 2mˆB, M2K = (mˆ+ms)B, M2η =
2
3(mˆ+ 2ms)B. (2.7)
Note that the masses in Equation (2.7) satisfy the “Gell-Mann-Oakes-Renner”
relation and the “Gell-Mann-Okubo” relation as well
M2π + 3M2η = 4M2K . (2.8)
With the unitary chiral rotation ψ → exp [−iγ5Φˆ/(2F )]ψ, the Lagrangian
in Equation (2.2) transforms into a Weinberg-type form LW containing the axial-
vector coupling and the Weinberg-Tomozawa term
LW (x) = L0(x) + LWI (x) + o(Φ2i ), (2.9)
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where
L0(x) = ψ¯(x)
[
i∂/− γ0V (r)− S(r)
]
ψ(x)− 12Φi(x)
(
+M2Φ
)
Φi(x), (2.10)
and
LWI (x) =
1
2F ∂µΦi(x)ψ¯(x)γ
µγ5λiψ(x) + fijk4F 2Φi(x)∂µΦj(x)ψ¯(x)γ
µλkψ(x)
(2.11)
is the quark-meson interaction Lagrangian, fijk are the totally antisymmetric
structure constants of SU(3), and  = ∂µ∂µ.
We expand the quark ﬁeld ψ(x) on the basis of the potential eigenstates
ψ(x) =
∑
α
(
bαuα(x⃗) e−iEαt + d†αυα(x⃗)eiEαt
)
, (2.12)
where bα and d†α are the single quark annihilation and antiquark creation operators.
In the above expansion uα(x⃗) and υα(x⃗) are respectively the single quark and
antiquark wave functions and Eα are the single quark/antiquark energy, which are
derived from the Dirac equation
[
− iγ0γ⃗ · ∇⃗+ γ0S(r) + V (r)− Eα
]
uα(x⃗) = 0. (2.13)
In previous works (Lyubovitskij et al., 2001a; Cheedket et al., 2004; Khoson-
thongkee et al., 2004; Faessler et al., 2008), Gaussian ansatz is applied to the quark
wave function, as shown in Equation (1.1). It is noted, however, that Gaussian-
type quark wave function of baryons results in the theoretical predictions for the
form factors of baryons consistent well with experimental data at very low mo-
mentum transfer Q2. In principle, one could solve Equation (2.13) for a certain
potential numerically or by expanding the quark wave function in any complete
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basis. In this work, we study the form factors of baryons by employing a properly
adapted numerical method based on Sturmian functions.
The ground state quark wave function u0(x⃗) may, in general, be expressed
as
u0(x⃗) =
 g(r)
iσ⃗ · xˆf(r)
χsχfχc, (2.14)
where χs, χf and χc are the spin, ﬂavor and color quark wave functions, respec-
tively. In our calculations, the quark wave function is projected from the quark
level to the baryon level, and the wave functions of octet baryons with the SU(3)
ﬂavor, SU(2) spin and SU(3) color symmetries take the form as in (Close, 1979).
The radial quark wave functions g(r) and f(r), the upper and the lower com-
ponents in the ground state, are expanded in the complete set of the Sturmian
functions Snl(r)
g(r) =
∑
n
An
Sn0(r)
r
, (2.15)
f(r) = r
∑
n
Bn
Sn0(r)
r
, (2.16)
where
Snl(r) =
[
n!
(n+ 2l + 1)!
] 1
2
(2br)l+1e−brL2l+1n (2br), (2.17)
and L2l+1n (x) are Laguerre polynomials. The details of Sturmian functions are
given in Appendix A. The expansion coeﬃcients An and Bn, length parameter b
of Sturmian functions are determined by ﬁtting theoretical results of proton charge
form factor to experimental data in Chapter III.
The calculation technique in the PCQM is based on the Gell-Mann and
Low theorem (see Appendix B), in which the expectation value of an operator Oˆ
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can be calculated from
⟨Oˆ⟩ = B⟨ϕ0|
∞∑
n=0
in
n!
∫
d4x1 · · ·
∫
d4xnT [LWI (x1) · · · LWI (xn)Oˆ]|ϕ0⟩Bc , (2.18)
where the state vector |ϕ0⟩B corresponds to the unperturbed three-quark states
projected onto the respective baryon states, which are constructed in the frame-
work of the SU(6) spin-ﬂavor and SU(3) color symmetry. The subscript c in
Equation (2.18) refers to contributions from connected graphs only. LWI (x) is the
quark-meson interaction Lagrangian as given in Equation (2.11).
By applying Wick’s theorem and appropriate propagators for quarks and
mesons, Equation (2.18) can be evaluated in a straightforward manner. In our
work the quark propagator iGψ(x, y) is given by
iGψ(x, y) = ⟨ϕ0|T{ψ(x)ψ¯(y)}|ϕ0⟩
= uα(x⃗)u¯α(y⃗) exp[−iEα(x0 − y0)]θ(x0 − y0). (2.19)
For the meson ﬁeld, however, we use the free Feynman propagator
i∆ij(x− y) = ⟨0|T{Φi(x)Φj(y)}|0⟩
= δij
∫ d4k
(2π)4i
exp[−ik(x− y)]
M2Φ − k2 − iϵ
, (2.20)
where MΦ is the meson mass.
 
 
 
 
 
 
 
 
CHAPTER III
ELECTROMAGNETIC FORM FACTORS
AND MODEL PARAMETERS
3.1 Electromagnetic Form Factors of Octet Baryons
In the framework of the PCQM, the charge and magnetic form factors of
octet baryons in the Breit frame are deﬁned by
χ†Bs′χBsG
B
E(Q2) = B⟨ϕ0|
n∑
n=0
in
n!
∫
δ(t)d4xd4x1 · · · d4xne−iq·x
×T [LWI (x1) · · · LWI (xn)j0(x)]|ϕ0⟩Bc , (3.1)
χ†Bs′
iσ⃗ × q⃗
mB +mB′
χBsG
B
M(Q2) = B⟨ϕ0|
n∑
n=0
in
n!
∫
δ(t)d4xd4x1 · · · d4xne−iq·x
×T [LWI (x1) · · · LWI (xn)⃗j(x)]|ϕ0⟩Bc . (3.2)
Here, GBE(Q2) and GBM(Q2) are the charge and magnetic form factors of octet
baryons with the space-like squared momentum transfer Q2, which is carried out
by the electromagnetic current. In the Breit frame, the initial momentum of the
baryons is pi = (E,−q⃗/2), the ﬁnal momentum is pf = (E, q⃗/2), and the four-
momentum of the photon is q = (0, q⃗). Thus, Q2 = −q2 = q⃗ 2. mB is the mass
of baryons. χBs and χ
†
Bs′
are the baryon spin wave functions in the initial and
ﬁnal states, σ⃗ is the baryon spin operator, LWI (x) is the quark-meson interaction
Lagrangian in Equation (2.11), and jµ(x) is the electromagnetic current
jµ = jµψ + j
µ
Φ + j
µ
ψΦ + δj
µ
ψ, (3.3)
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which contains the quark current jµψ(x), the charged pseudoscalar mesons current
jµψ(x), the quark-meson coupling current j
µ
ψΦ(x), and δj
µ
ψ(x), a current arising from
the counterterm. The currents in the above equation take the forms,
jµψ = ψ¯γµQψ =
2
3 u¯γ
µu− 13 d¯γ
µd− 13 s¯γ
µs, (3.4)
jµΦ =
[
f3ij +
f8ij√
3
]
Φi∂µΦj
=
[
π−i∂µπ+ − π+i∂µπ− +K−i∂µK+ −K+i∂µK−
]
, (3.5)
jµψΦ =
[
f3ij +
f8ij√
3
]
Φj
2F ψ¯γ
µγ5λiψ, (3.6)
δjµψ = ψ¯
(
Z − 1
)
γµQψ
= 13
[
2(Zˆ − 1)u¯γµu− (Zˆ − 1)d¯γµd− (Zˆs − 1)s¯γµs
]
, (3.7)
where Q is the quark charge matrix Q = diag{2/3,−1/3,−1/3}, and the renor-
malization constants Zˆ and Zˆs are deﬁned as
Zˆ = 1− 34(2πF )2
∫ ∞
0
dkk4F 2II(k)
[
1
ω3π(k2)
+ 23ω3K(k2)
+ 19ω3η(k2)
]
, (3.8)
Zˆs = 1− 1(2πF )2
∫ ∞
0
dkk4F 2II(k)
[
1
ω3K(k2)
+ 13ω3η(k2)
]
, (3.9)
with ωΦ(k2) =
√
M2Φ + k2 and the vertex function FII(k) for the qqΦ system taking
the form
FII(k) = 2π
∫ ∞
0
dr
∫ π
0
dθr2(g(r)2 + f(r)2cos2θ)sinθeikrcosθ. (3.10)
In accordance with the interaction Lagrangian LWI (x) in Equation (2.11)
and the electromagnetic current jµ(x) in Equations (3.4)-(3.7), there are ﬁve
Feynman diagrams, as shown in Figure 3.1, contributing to the electromagnetic
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Figure 3.1 Diagrams contributing to the electromagnetic form factors: 3q-core
leading order diagram (a), 3q-core counterterm diagram (b), meson cloud diagram
(c), vertex correction diagram (d), and meson-in-ﬂight diagram (e).
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form factors to the one-loop order. Detailed calculations, as shown in Appendix C
and Appendix D, lead to the contributions of these diagrams as follows:
(a) Three-quark core leading-order diagram (LO)
GBE(Q2)
∣∣∣
LO
= aB1 G
p
E(Q2)
∣∣∣
LO
, (3.11)
GBM(Q2)
∣∣∣
LO
= bB1
mB
mN
GpM(Q2)
∣∣∣
LO
, (3.12)
where
GpE(Q2)
∣∣∣
LO
= 2π
∫ ∞
0
dr
∫ π
0
dθr2sinθ[g(r)2 + f(r)2]eiQrcosθ, (3.13)
GpM(Q2)
∣∣∣
LO
= 4πimN
Q
∫ ∞
0
dr
∫ π
0
dθr2sin(2θ)g(r)f(r)eiQrcosθ. (3.14)
(b) Three-quark core counterterm (CT)
GBE(Q2)
∣∣∣
CT
=
[
aB2 (Zˆ − 1) + aB3 (Zˆs − 1)
]
GpE(Q2)
∣∣∣
LO
, (3.15)
GBM(Q2)
∣∣∣
CT
=
[
bB2 (Zˆ − 1) + bB3 (Zˆs − 1)
]mB
mN
GpM(Q2)
∣∣∣
LO
. (3.16)
(c) Meson-cloud diagram (MC)
GBE(Q2)
∣∣∣
MC
= 12(2πF )2
∫ ∞
0
dk
∫ 1
−1
dxk2(k2 + kQx)
×FII(k)FII(k+)tBE(k2, Q2, x)
∣∣∣
MC
, (3.17)
GBM(Q2)
∣∣∣
MC
= 5mB6(2πF )2
∫ ∞
0
dkk4
∫ 1
−1
dx(1− x2)
×FII(k)FII(k+)tBM(k2, Q2, x)
∣∣∣
MC
, (3.18)
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where
tBE(k2, Q2, x)
∣∣∣
MC
= aB4 Cπ(k2, Q2, x) + aB5 CK(k2, Q2, x), (3.19)
tBM(k2, Q2, x)
∣∣∣
MC
= bB4 Dπ(k2, Q2, x) + bB5 DK(k2, Q2, x), (3.20)
CΦ(k2, Q2, x) =
1
ωΦ(k2)ωΦ(k2+)[ωΦ(k2) + ωΦ(k2+)]
, (3.21)
DΦ(k2, Q2, x) =
1
ω2Φ(k2)ω2Φ(k2+)
, (3.22)
k± =
√
k2 +Q2 ± 2k
√
Q2x. (3.23)
(d) Vertex-correction diagram (VC)
GBE(Q2)
∣∣∣
V C
= 14(2πF )2
∫ ∞
0
dkk4F 2II(k)G
p
E(Q2)
∣∣∣
LO
×
[
aB6
ω3π(k2)
+ a
B
7
ω3K(k2)
+ a
B
8
ω3η(k2)
]
, (3.24)
GBM(Q2)
∣∣∣
V C
= 12(2πF )2
∫ ∞
0
dkk4F 2II(k)G
p
M(Q2)
∣∣∣
LO
×
[
bB6
ω3π(k2)
+ b
B
7
ω3K(k2)
+ b
B
8
ω3η(k2)
]
. (3.25)
(e) Meson-in-ﬂight diagram (MF)
GBE(Q2)
∣∣∣
MF
≡ 0, (3.26)
GBM(Q2)
∣∣∣
MF
= mB(2πF )2
∫ ∞
0
dk
∫ 1
−1
dxk4(1− x2)
×FII(k)FII(k+)tBM(k2, Q2, x)
∣∣∣
MF
, (3.27)
where
tBM(k2, Q2, x)
∣∣∣
MC
= bB9 Dπ(k2, Q2, x) + bB10DK(k2, Q2, x). (3.28)
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Table 3.1 The constants aBi for the octet baryon charge form factors GBE(Q2).
p n Σ+ Σ0 Σ− Λ Ξ0 Ξ−
a1 1 0 1 0 −1 0 0 −1
a2 1 0 4/3 1/3 −2/3 1/3 2/3 −1/3
a3 0 0 −1/3 −1/3 −1/3 −1/3 −2/3 −2/3
a4 1 −1 2 0 −2 0 1 −1
a5 2 1 1 0 −1 0 −1 −2
a6 1 2 0 1 2 1 0 1
a7 −2 −2 −2/3 −2/3 −2/3 −2/3 2/3 2/3
a8 1/3 0 0 −1/3 −2/3 −1/3 −2/3 −1
The constants aBi and bBi are given in Table 3.1 and Table 3.2, respectively. It is
found in the above analytical expressions that the contribution of the meson-in-
ﬂight diagram to the charge form factors of octet baryons vanish identically, that
is, only four Feynman diagrams (a)-(d) in Figure 3.1 contribute to the charge form
factors. For the magnetic form factors, however, the “meson-in-ﬂight” diagram in
Figure 3.1(e) contributes.
In the non-relativistic limit, the mean-square charge radius of a charged
baryon is related to the baryon charge form factor as
⟨r2E⟩B = −
6
GBE(0)
d
dQ2
GBE(Q2)
∣∣∣∣
Q2=0
. (3.29)
For the neutral baryons, the mean-square charge radius is deﬁned by
⟨r2E⟩B = −6
d
dQ2
GBE(Q2)
∣∣∣∣
Q2=0
. (3.30)
 
 
 
 
 
 
 
 
19
Table 3.2 The constants bBi for the octet baryon magnetic form factors GBM(Q2).
p n Σ+ Σ0 Σ− Λ Ξ0 Ξ−
b1 1 −2/3 1 1/3 −1/3 −1/3 −2/3 −1/3
b2 1 −2/3 8/9 2/9 −4/9 0 −2/9 1/9
b3 0 0 1/9 1/9 1/9 −1/3 −4/9 −4/9
b4 1 −1 4/5 0 −4/5 0 −1/5 1/5
b5 4/5 −1/5 1 3/5 1/5 −3/5 −1 −4/5
b6 1/18 −2/9 0 −1/9 −2/9 0 0 1/18
b7 1/9 1/9 5/27 5/27 5/27 −1/9 −5/27 −5/27
b8 −1/18 1/27 −2/27 −1/27 0 −2/27 1/9 5/54
b9 1 −1 0 0 0 0 0 0
b10 0 0 1 1 1 −1 −1 −1
In analogy, the mean-square magnetic radius is deﬁned as
⟨r2M⟩B = −
6
GBM(0)
d
dQ2
GBM(Q2)
∣∣∣∣
Q2=0
. (3.31)
3.2 Quark Wave Function
The theoretical expressions in the above section reveal that the charge and
magnetic form factors are mainly determined by the wave function of the quark
core. In this work we ﬁx the quark core wave function by adjusting our theoretical
result of the proton charge form factor to experimental data, considering that the
recent measurements of the proton charge form factor are in high precision, and
that only four Feynman diagrams in the PCQM contribute to the proton charge
form factor. For the sake of simplicity, we restrict our calculations to SU(2) ﬂavor.
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Table 3.3 The normalized model parameters are determined by ﬁtting theoretical
results of the proton charge form factor to the experimental data.
n A′n B
′
n
0 0.21965608 0.13892063
1 −0.00817140 0.02905047
2 0.00072723 0.01024717
3 −0.01311738 0.00072182
4 −0.00853137 −0.00091915
We expand the quark wave functions g(r) and f(r) in the basis of Sturmian
functions in Equation (2.15) and Equation (2.16), respectively. It is found that
a basis of ﬁve Sturmian functions (n = 0, 1, 2, 3, 4) is good enough to let our
theoretical result of the proton charge form factor ﬁt to experimental data. The
ﬁtted model parameters for Sturmian function length parameter b = 0.5 GeV,
and the expansion coeﬃcients A′n and B′n are compiled in Table (3.3), where we
redeﬁne A′n = Anb−1/2 and B′n = Bnb−3/2 to let the A′n and B′n be dimensionless.
Shown in Figures (3.2) and (3.3) are respectively the radial wave functions
g(r) and f(r) for the quarks and the proton charge form factor GpE(Q2) derived
with the ﬁtted quark wave functions. It is seen in Figure (3.3) that the experi-
mental data are well ﬁtted up to the squared momentum transfer Q2 = 1 GeV2.
The charge radius of proton derived with Equation (3.29) is also consistent with
experimental data, as shown in Table 3.4.
Larger bases have been applied, but the ﬁtted results of the quark wave
function appear the same as the one with the ﬁve bases. Note that in the calcu-
lation quark wave functions are normalized according to
∫
d3x⃗u†(x⃗)u(x⃗) = 1.
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Figure 3.2 The normalized radial quark wave functions for the valence quark:
solid line for the upper component g(r) and dashed line for the lower component
f(r).
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Figure 3.3 The ﬁt of proton charge form factor compared to the measurements.
The experimental data are taken from (Janssens et al., 1966; Berger et al., 1971;
Price et al., 1971; Hanson et al., 1973; Murphy et al., 1974; Ho¨hler et al., 1976;
Simon et al., 1980; Walker et al., 1994).
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Table 3.4 Numerical result for the proton mean-square charge radius ⟨r2E⟩p, and
the experimental data are taken from (Beringer et al., 2012) (in units of fm2).
PCQM Exp.
⟨r2E⟩p 0.77 0.76± 0.02
3.3 Numerical Results
The quark wave function has been extracted by ﬁtting the theoretical result
of the proton charge form factor to experimental data in the framework of the
SU(2) ﬂavor symmetry. In this section, we study the electromagnetic properties of
the octet baryons in the PCQM, applying the predetermined quark wave function.
We extend the calculations to the SU(3) ﬂavor symmetry, including kaon and
η-meson cloud contributions as well.
Listed in Table 3.5 are the charge radii squared of the octet baryons, which
are derived with Equations (3.29) and (3.30) for the charged and neutral baryons,
respectively. It is found that the 3q-core (LO and CT diagrams) dominates the
charge radii of the charged baryons (p, Σ+, Σ− and Ξ−), contributing more than
90% to the total values. As shown in Table 3.5, the theoretical p and Σ− charge
radii are in good agreement with experimental values. The work predicts that the
charge radii of Σ+ and Ξ− are contributed by a similar pattern, that is, about
90% from the 3q-core and meson cloud contributions and less than 10% from MC
and VC diagrams. In Figure 3.4, we present the Q2 dependence of the charge
form factor of the charged baryons in the region Q2 ≤ 1 GeV2, compared with
experimental data. It is seen in Figure 3.4 that the theoretical charge form factors
for the charged hyperons (Σ+, Σ− and Ξ−) are consistent with experimental data.
However, the theoretical charge radii of neutral baryons (n, Σ0, Λ and Ξ0)
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Table 3.5 Numerical results for the octet baryon mean-square charge radii ⟨r2E⟩B.
The experimental data are taken from (Beringer et al., 2012) (in units of fm2).
3q Meson loops
Total Exp.
LO+CT MC+VC
⟨r2E⟩p 0.710 0.057 0.767 0.76± 0.09
⟨r2E⟩n 0 −0.014 −0.014 −0.116± 0.002
⟨r2E⟩Σ+ 0.701 0.080 0.781 —
⟨r2E⟩Σ0 −0.009 0.009 0 —
⟨r2E⟩Σ− 0.718 0.063 0.781 0.61± 0.21
⟨r2E⟩Λ −0.009 0.009 0 —
⟨r2E⟩Ξ0 −0.017 0.031 0.014 —
⟨r2E⟩Ξ− 0.727 0.040 0.767 —
listed in Table 3.5 are rather small. As seen, the neutron charge radii is much
smaller than the experimental data, while the contributions to the charge radii of
Σ0 and Λ by various diagrams counteract each other to zero. As expected, the
work also fails to reproduce the experimental data of the neutron form factor, as
shown in Figure 3.5. The reason might be that the quark propagator is restricted
to the ground-state only in our calculation. The meson cloud solely contributes
to the neutral baryon charge form factors as the leading-order contribution of the
3q-core vanishes. One may propose that it is necessary to include excited-state
quarks to investigate the neutral baryon charge form factors. More discussions
and results on the neutron charge radius including the excited quark propagator
are given in (Lyubovitskij et al., 2001a; Cheedket et al., 2004).
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Figure 3.4 Charge form factors GBE(Q2) of charged baryons. The experimental
data on proton charge form factor are taken from (Janssens et al., 1966; Berger
et al., 1971; Price et al., 1971; Hanson et al., 1973; Murphy et al., 1974; Ho¨hler
et al., 1976; Simon et al., 1980; Walker et al., 1994).
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Figure 3.5 Charge form factors GBE(Q2) of neutral baryons. The experimental
data on neutron charge form factor are taken from (Eden et al., 1994; Bruins et al.,
1995; Herberg et al., 1999; Ostrick et al., 1999; Passchier et al., 1999; Golak et al.,
2001; Bermuth et al., 2003; Madey et al., 2003; Warren et al., 2004; Glazier et al.,
2005)
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Table 3.6 Numerical results for the octet baryon magnetic moments µB with
chiral mass mB = 1.039 GeV. The experimental data are taken from (Beringer
et al., 2012) (in units of the nucleon magneton µN).
3q Meson loops
Total Exp.
LO+CT MC+VC+MF
µp 2.290 0.445 2.735 2.793
µn −1.527 −0.429 −1.956 −1.913
µΣ+ 2.299 0.238 2.537 2.458± 0.010
µΣ0 0.773 0.065 0.838 —
µΣ− −0.754 −0.107 −0.861 −1.160± 0.025
µΛ −0.791 −0.076 −0.867 −0.613± 0.004
µΞ0 −1.564 −0.126 −1.690 −1.250± 0.014
µΞ− −0.800 −0.040 −0.840 −0.651± 0.080
In our evaluation of the charge form factor of octet baryons we have applied
an ansatz that the predetermined quark wave function is the same for u, d, and s
quarks. That is, we work in the SU(3) chiral symmetry limit. Therefore, baryon
masses should be restricted to the same order in the calculation of the magnetic
moments. We evaluate the magnetic moments with the baryon chiral mass mB =
1.039 GeV (Scherer, 2003). The numerical results for the magnetic moments,
which are the magnetic form factors in zero-recoil, and the magnetic radii of the
octet baryons derived with Equation (3.31) are given respectively in Table 3.6 and
Table 3.7. It is found that the theoretical results for the octet baryon magnetic
moments are consistent with the experimental data, while the nucleon magnetic
radii are a little bit larger than the experimental values. Note that meson cloud
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Table 3.7 Numerical results for the octet baryon mean-square magnetic radii
⟨r2M⟩B. The experimental data are taken from (Beringer et al., 2012) (in units of
fm2).
3q Meson loops
Total Exp.
LO+CT MC+VC+MF
⟨r2M⟩p 0.748 0.161 0.909 0.74± 0.10
⟨r2M⟩n 0.698 0.224 0.922 0.76± 0.02
⟨r2M⟩Σ+ 0.810 0.075 0.885 —
⟨r2M⟩Σ0 0.824 0.027 0.851 —
⟨r2M⟩Σ− 0.783 0.168 0.951 —
⟨r2M⟩Λ 0.815 0.037 0.852 —
⟨r2M⟩Ξ0 0.827 0.044 0.871 —
⟨r2M⟩Ξ− 0.851 −0.011 0.840 —
contributes around 20% to the total values of both the nucleon magnetic moments
and radii, while the meson cloud contributions for hyperons are rather small except
for the Σ−.
It is noted that the constants b4, b6, and b9 in Table 3.2 for hyperons,
which are relevant to the π-meson cloud contribution, are smaller than those for
the nucleon. This may indicate that the π-meson dominates the meson-cloud
contribution to the octet baryon magnetic properties.
TheQ2 dependence of the magnetic form factors for the charged and neutral
octet baryons are shown respectively in Figure 3.6 and Figure 3.7, which are
normalized to one at zero-recoil. We also plot experimental data on the proton
and neutron magnetic form factors in the corresponding ﬁgures. It is clear that
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Figure 3.6 Normalized magnetic form factors GBM(Q2)/µB of charged baryons.
The experimental data on proton magnetic form factor are taken from (Janssens
et al., 1966; Berger et al., 1971; Price et al., 1971; Bartel et al., 1973; Hanson
et al., 1973; Walker et al., 1994).
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Figure 3.7 Normalized magnetic form factors GBM(Q2)/µB of neutral baryons.
The experimental data on neutron magnetic form factors are taken from (Bartel
et al., 1973; Markowitz et al., 1993; Anklin et al., 1994; Bruins et al., 1995; Anklin
et al., 1998; Xu et al., 2000; Golak et al., 2001; Kubon et al., 2002; Madey et al.,
2003; Xu et al., 2003).
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the nucleon magnetic form factors are fairly consistent with experimental data,
and the magnetic form factors for hyperons behave the similar way.
The fact that the Q2 dependence of the theoretical electromagnetic form
factors in the region Q2 ≤ 1 GeV2 is consistent with experimental data implies that
the predetermined quark wave function is reasonable in the PCQM.We expect that
the determined quark wave function is applicable to the evaluation of the axial
form factors of octet baryons.
 
 
 
 
 
 
 
 
CHAPTER IV
AXIAL FORM FACTORS
4.1 Axial Form Factors of Octet Baryons
Baryon axial form factors may be investigated through semileptonic decays
B1 → B2ℓν¯, such as n→ pe−ν¯e, Σ− → Σ0e−ν¯e, Ξ− → Ξ0e−ν¯e, etc. In the speciﬁc
case of the neutron β decay, the matrix element of axial-vector current Aµ3 is given
by
⟨p|Aµ3 |p⟩ = GNA (Q2)U¯p(p)γµγ5
τ3
2 Up(p), (4.1)
or
⟨n|Aµ3 |n⟩ = GNA (Q2)U¯n(p)γµγ5
τ3
2 Un(p). (4.2)
Therefore, we may express the axial form factor of baryons more generally as
⟨B|Aµ3 |B⟩ = GBA(Q2)U¯B(p)γµγ5
τ3
2 UB(p), (4.3)
where GBA(Q2) is the axial form factor of baryons with the squared momentum
transfer Q2 which is carried out by axial-vector current Aµ3 , and UB(p) is the
baryon spinors.
In the Breit frame, GBA(Q2) is set up as
⟨
Bs′
(
q⃗
2
)∣∣∣∣ ∫ d3x⃗eiq⃗·x⃗A⃗3(x)∣∣∣∣Bs(− q⃗2
)⟩
= χ†Bs′ σ⃗
τ3
2 χBsG
B
A(Q2), (4.4)
where χBs and χ
†
Bs′ are the baryon spin wave functions in the initial and ﬁnal
states, σ⃗ is the baryon spin matrix and τ3 is the third component of the SU(2)
isospin matrix.
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At zero recoil (Q2 = 0) the axial form factor satisﬁes the condition:
GBA(0) = gBA , (4.5)
where gBA is the axial charge of octet baryons.
In the PCQM, the axial form factor of octet baryons is given by
χ†Bs′ σ⃗B
τ 3B
2 χBsG
B
A(Q2) = B⟨ϕ0|
2∑
n=0
in
n!
∫
δ(t)d4xd4x1 · · · d4xne−iqx
×T [LWI (x1) · · · LWI (xn)A⃗3(x)]|ϕ0⟩Bc , (4.6)
with the interaction Lagrangian LWI (x) given in Equation (2.11), and the axial-
vector current AµI taking the form
Aµi = F∂µΦi + ψ¯γµγ5
λi
2 ψ −
fijk
2F ψ¯γ
µλjψΦk
+ψ¯(Zˆ − 1)γµγ5λi2 ψ + o(Φ
2
i ). (4.7)
According to the interaction Lagrangian LWI (x) and the axial-vector
current AµI , the axial form factors of octet baryons are contributed by the
following diagrams to the one-loop order: the three-quark core leading order
diagram (Figure 4.1(a)), the three-quark core counterterm (Figure 4.1(b)), the
self-energy diagram (Figures 4.1(c) and (d)), the exchange diagram (Figure 4.1(e))
and the vertex-correction diagram (Figure 4.1(f)). The corresponding analytical
expressions of the axial form factors of octet baryons (detailed calculations are
shown in Appendix E) are derived as follows:
(a) Three-quark leading order diagram (LO)
GBA(Q2)
∣∣∣
LO
= cB1 2π
∫ ∞
0
dr
∫ π
0
dθr2sinθ[g(r)2 + f(r)2cos(2θ)]eiQrcosθ. (4.8)
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Figure 4.1 Diagrams contributing to the axial form factor of octet baryons :
3q-core leading order (a), 3q-core counterterm (b), self-energy (c and d), meson
exchange (e), and vertex correction (f).
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(b) Three-quark counterterm (CT):
GBA(Q2)
∣∣∣
CT
= (Zˆ − 1)GBA(Q2)
∣∣∣
LO
, (4.9)
(c-d) Self-energy diagram I and II (SE)
GBA(Q2)
∣∣∣
SE
= GBA(Q2)
∣∣∣
SE;I
+GBA(Q2)|SE;II
= 1(2πF )2
∫ ∞
0
dk
∫ 1
−1
dxk4(1− x2)FII(k)FIII(k−)
× 1√
k2−
[
cB1
ω2π(k2)
+ c
B
2
ω2K(k2)
]
. (4.10)
where GBA(Q2)
∣∣∣
SE;I
= GBA(Q2)
∣∣∣
SE;II
, and the vertex function for the quark-pion-
axial vector current FIII(k) is given by
FIII(k) = −2iπ
∫ ∞
0
dr
∫ π
0
dθr2g(r)f(r)sin2θeikrcosθ. (4.11)
(e) Exchange diagram (EX)
GBA(Q2)
∣∣∣
EX
= 14(2πF )2
∫ ∞
0
dk
∫ 1
−1
dxk4(1− x2)FII(k)FIII(k−)
× 1√
k2−
[
cB3
ω2π(k2)
+ c
B
4
ω2K(k2)
]
. (4.12)
(f) Vertex-correction diagram (VC)
GBA(Q2)
∣∣∣
V C
= 120(2πF )
∫ ∞
0
dkk4F 2II(k)GNA (Q2)
∣∣∣
LO
×
[
cB1
ω3π(k2)
+ c
B
5
ω3η(k2)
]
. (4.13)
The constants cBi in the above equations are given in Table 4.1.
 
 
 
 
 
 
 
 
36
Table 4.1 The constants cBi for the octet baryons axial form factors GBA(Q2).
N Σ Ξ
c1 5/3 4/3 −1/3
c2 5/6 2/3 −1/6
c3 8 0 0
c4 0 4 −4
c5 −5/9 −4/9 1/9
4.2 Numerical Results
The axial form factors of octet baryons are evaluated with the quark wave
functions determined by ﬁtting the theoretical result of the proton charge form
factor to experimental data, as discussed in Chapter III. Note that there is no any
free parameter in the study of the baryon axial form factors.
Presented in Table 4.2 are the numerical results from our calculations for
the axial charge of octet baryons B = N , Σ, and Ξ. Except for the N , there is
no direct experimental data for the axial charge, thus we have the lattice-QCD
results (Erkol et al., 2010) shown in the table for comparison. The theoretical
results shown in Table 4.2 reveal that the meson cloud plays an important role
in the axial charge of octet baryons, contributing to 30%-40% of the total values.
The theoretical nucleon axial charge is consistent with the experimental data and
the theoretical Σ and Ξ axial charges are in good agreement with lattice QCD
results.
Finally, we show the Q2 dependence of the axial form factors of octet
baryons in Figure 4.1, which are normalized to one at zero-recoil, with the ex-
perimental data for nucleon axial form factor plotted as well. As expected, the
 
 
 
 
 
 
 
 
37
Table 4.2 Numerical results for the octet baryon axial charges gBA . Lattice QCD
results are taken from (Erkol et al., 2010), and the experimental data are taken
from (Beringer et al., 2012).
3q Meson loops
Total Lattice Exp.
LO+CT SE+EX+VC
gNA 0.823 0.478 1.301 1.314 1.269± 0.003
gΣA 0.658 0.269 0.927 0.970 —
gΞA −0.165 −0.118 −0.283 −0.299 —
theoretical axial form factors fall oﬀ smoothly as the momentum transfer Q2 in-
crease. It is also found that the theoretical result for the N axial form factor is in
good agreement with experimental data, and the axial form factors for Σ and Ξ
show a similar Q2 dependence.
The fact that the theoretical results of the axial form factors and axial
charges agree well with experimental data and lattice-QCD results indicates that
our quark wave functions are reasonable in the PCQM.
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Figure 4.2 Normalized axial form factors GBA(Q2)/gBA of octet baryons. The
experimental data on nucleon axial form factor are taken from (Amaldi et al.,
1970; Nambu and Yoshimura, 1970; Amaldi et al., 1972; Bloom et al., 1973;
Brauel et al., 1973; Read, 1974; Guerra et al., 1976; Esaulov et al., 1978).
 
 
 
 
 
 
 
 
CHAPTER V
CONCLUSIONS
In this work, we have studied the electromagnetic and axial form factors
of octet baryons in the framework of the PCQM which, as a further development
of chiral quark model with a perturbative treatment of the meson (π, K and η)
cloud, is realized by the relativistic quark wave function and static potential for
conﬁnement as well as the chiral symmetry requirements. The quark wave function
is not derived by solving the Dirac equation for a certain potential and also not
proposed to be the Gaussian form usually employed by other works, but instead
derived by ﬁtting the theoretical result of the proton charge form factor to the
existing experimental data. We have expanded the quark wave function in the
complete basis of Sturmian functions, and found that a basis of ﬁve Sturmian
functions is suﬃcient to reproduce the experimental data of the proton charge
form factor.
The electromagnetic and axial form factors of octet baryons are investi-
gated up to one-loop perturbation in the region Q2 ≤ 1 GeV2 in the PCQM with
the predetermined quark function. The charge and magnetic radii, the magnetic
moments as well as the axial charge of the octet baryons are also evaluated. It is
found that the theoretical results for all observables but the neutral baryon charge
form factors are in good agreement with the experimental data. Therefore, one
may conclude that the predetermined quark function reﬂects the physics suitable
and reasonable for the PCQM.
The failure to reproduce the neutral baryon charge form factors may be
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caused by the inclusion of only the ground-state quarks. The leading order 3q-
core contribution to the neutral baryon charge form factors vanishes, that is, the
neutral baryon charge form factors arise purely from the meson cloud. Therefore,
it may be necessary to include the excited-state quarks to investigate the neutral
baryon charge form factors as the leading-order contribution is fully suppressed.
The properties of decuplet baryons may also be studied in the PCQM with
the predetermined quark wave function in the future work.
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APPENDIX A
STURMIAN FUNCTIONS
The Sturmian function method was ﬁrst used in atomic physics to eval-
uate the binding energy and the wave function of atoms. It was pointed out
that the method is more powerful than the approach using harmonic oscillator
and hydrogen wave functions. Subsequently, the method was applied to various
physical problems such as electromagnetic collisions, binding energies of nuclei
and bound and resonance states in special potentials. In Refs. (Suebka and Yan,
2004) and (Yan et al., 1997), the protonium and pionium problems have been suc-
cessfully investigated based on the Sturmian functions. The Sturmian functions
are very similar to the hydrogen wave functions, and are therefore, also named
Coulomb-Sturmian functions. In coordinate state space the Sturmian functions
Snl(r), which are used in the present work, satisfy the second order diﬀerential
equation (
d2
dr2
− l(l + 1)
r2
+ 2b(n+ l + 1)
r
− b2
)
Snl(r) = 0, (A.1)
which is quite similar to the radial Scho¨dinger equation for hydrogen atom satisﬁed
u(r) = rR(r) (
d2
dr2
− l(l + 1)
r2
+ λ
2
r
− k2
)
u(r) = 0. (A.2)
By solving Eq.(A.1), one ﬁnds
Snl(r) =
[
n!
(n+ 2l + 1)!
] 1
2
(2br)l+1e−brL2l+1n (2br), (A.3)
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where L2l+1n (x) are associated Laguerre polynomials deﬁned as
Lkn(x) = (−1)k
dk
dxk
[Ln+k(x)] . (A.4)
that is
L2l+1n (2br) =
n∑
m=0
(−1)m (n+ 2l + 1)!(n−m)!(2l + 1 +m)!m! (2br)
m. (A.5)
The Sturmian functions are orthogonal and form a completes set with respect to
the weight function 1/r, which follows from the corresponding 1/r potential term
in Equation (A.3) ∫ ∞
0
r2dr
Snl(r)
r
1
r
Sn′l(r)
r
= δnn′ . (A.6)
Because almost all bound-state hydrogen state functions are close to zero
energy, the innermost zeros of the functions are insensitive to the principle quan-
tum number (see Figure A.1). This accounts for that the bound hydrogen functions
do not form a complete set; the continuum is needed to analyze the region between
the origin and the limiting ﬁrst zero. Unlike hydrogen functions, the ﬁrst node
of the Sturmian functions continues to move closer to the origin with increasing
the principle number n as shown in Figure A.2. This is the key point why a
short-ranged nuclear force can easily be taken into account for N¯N atomic state
problem by using complete sets of the Sturmian functions (Yan et al., 1997).
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Figure A.1 The l = 0 hydrogen wave functions for n = 1, 2, 3, 4 and 5. The
innermost zeros of the functions are insensitive to the principle quantum number
n.
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Figure A.2 The l = 0 Sturmian functions for n = 0, 1, 2, 3 and 4. Unlike
hydrogen functions, the ﬁrst nodes continue to move to the origin with increasing
n.
 
 
 
 
 
 
 
 
APPENDIX B
GELL-MANN AND LOW THEOREM
The Gell-Mann and Low theorem was proved by Murray Gell-Mann and
Francis E. Low in 1951. It is a theorem in quantum ﬁeld theory that allows one to
relate the ground (or vacuum) state of an interacting system to the ground state
of the corresponding non-interacting theory. We consider a system described by
the Hamiltonian H which might be written as
H = H0 +HI , (B.1)
whereH0 andHI are respectively the free and interaction parts of the Hamiltonian.
Let |ψ0⟩ and |n⟩ be the eigenstates of the free and full Hamiltonian, respectively.
One has
H|n⟩ = E(n)|n⟩,
H0|ψ0⟩ = E0|ψ0⟩, (B.2)
hence
e−iHt|ψ0⟩ =
∑
n
e−iE
(n)t|n⟩⟨n|ψ0⟩
= e−iEt|ψ⟩⟨ψ|ψ0⟩+
∑
n ̸=0
e−iE
(n)t|n⟩⟨n|ψ0⟩, (B.3)
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here we have rewritten ground eigenstate |0⟩ and ground eigenvalue E(0) in the
above equation respectively as |ψ⟩ and E, that is
H|ψ⟩ = E|ψ⟩. (B.4)
Multiplying the above equation by eiE0t, one derives
eiE0teiHt|ψ0⟩ = ei(E−E0)t|ψ⟩⟨ψ|ψ0⟩+
∑
n̸=0
e−i(E
(n)−E0)t|n⟩⟨n|ψ0⟩. (B.5)
Since E(n) > E for all n ̸= 0, we can get rid of all the n ̸= 0 terms in the series
by sending t to ∞ in a slightly imaginary direction t → ∞(1 − iε). Then the
exponential factor e−i(E−E0)t dies slowest and we have
|ψ⟩ = lim
t→∞(1−iε)
eiH(−t)e−iH0(−t)|ψ0⟩
e−i(E−E0)t⟨ψ|ψ0⟩
= lim
t→∞(1−iε)
U(0,−t)|ψ0⟩
e−i(E−E0)t⟨ψ|ψ0⟩ . (B.6)
here we have used
U(t0, t) = eiH(t−t0)e−iH0(t−t0). (B.7)
In the same way, we can derive
⟨ψ| = lim
t→∞(1−iε)
⟨ψ0|U(t, 0)
e−i(E−E0)t⟨ψ0|ψ⟩ . (B.8)
Now we evaluate the expectation value of the operator O(x) ≡ O(x0, x⃗) in the
state |ψ⟩
⟨ψ|O(x0, x⃗)|ψ⟩ = lim
t→∞(1−iε)
⟨ψ0|U(t, 0)U †(x0, 0)OI(x)U(x0, 0)U(0,−t)|ψ0⟩
e−i(E−E0)t⟨ψ0|ψ⟩e−i(E−E0)t⟨ψ|ψ0⟩
= lim
t→∞(1−iε)
⟨ψ0|U(t, x0)OI(x)U(x0,−t)|ψ0⟩
e−2i(E−E0)t|⟨ψ0|ψ⟩|2 . (B.9)
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To get rid of the denominator in the equation, one may divide it by 1 in the form
1 = ⟨ψ|ψ⟩ = lim
t→∞(1−iε)
⟨ψ0|U(t, 0)U(0,−t)|ψ0⟩
e−2i(E−E0)t|⟨ψ0|ψ⟩|2 . (B.10)
Then ﬁnally we derive
⟨ψ|O(x0, x⃗)|ψ⟩ = lim
t→∞(1−iε)
⟨ψ0|U(t, x0)OI(x)U(x0,−t)|ψ0⟩
⟨ψ0|U(t,−t)|ψ0⟩ . (B.11)
The above equation holds for a product of arbitrarily many operators, for example,
for two operators
⟨ψ|T [O(x)P (x)]|ψ⟩ = lim
t→∞(1−iε)
⟨ψ0|T{OI(x)PI(x) exp[−i ∫ t−t dzHI(z)]}|ψ0⟩
⟨ψ0|T{exp[−i ∫ t−t dzHI(z)]}|ψ0⟩ .
(B.12)
 
 
 
 
 
 
 
 
APPENDIX C
CALCULATION OF THE DIAGRAMS FOR
THE CHARGE FORM FACTOR
In the framework of the PCQM, the charge form factors of octet baryons
in the Breit frame are deﬁned by
χ†B′sχBsG
B
E(Q2) = B⟨ϕ0|
2∑
n=0
in
n!
∫
δ(t)d4xd4x1 · · · d4xne−iq·x
×T [LWI (x1) · · · LWI (xn)j0(x)]|ϕ0⟩Bc , (C.1)
where χBs and χ
†
Bs′
are the baryon spin wavefunctions in the initial and ﬁnal states.
We assume they are spin-up states, so
χ†B′sχBs = 1. (C.2)
In calculation, the upper and lower component quark wave functions are expanded
into a completed basis of Sturmian functions in Equations (2.15) and (2.16). We
employ the fermion and boson Feymann propagators as following:
ψ(x)ψ¯(y) = ⟨ϕ0|T{ψ(x)ψ¯(y)}|ϕ0⟩
= u0(x⃗)u0(y⃗) exp[−iE0(x0 − y0)]θ(x0 − y0), (C.3)
Φi(x)Φj(y) = ⟨0|T{Φi(x)Φj(y)}|0⟩
= δij
∫ d4k
(2π)4i
exp[−ik(x− y)]
M2Φ − k2 − iϵ
, (C.4)
 
 
 
 
 
 
 
 
61
here the fermion propagator is restricted on the ground state only.
C.1 Leading Order Diagram (LO)
Figure C.1 Leading order diagram.
GBE(Q2)
∣∣∣
LO
= B⟨ϕ0|Q
∫
δ(t)d4xe−iqxj0ψ(x)|ϕ0⟩B
= B⟨ϕ0|Q
∫
δ(t)d4xe−iqxψ¯(x)γ0ψ(x)|ϕ0⟩B
= B⟨ϕ0|b†0Q
∫
d3xeiq⃗·x⃗u¯0(x)γ0u0(x)b0|ϕ0⟩B
= aB1 G
p
E(Q2)|LO3q , (C.5)
where
GpE(Q2)
∣∣∣
LO
= 2π
∫ ∞
0
dr
∫ π
0
dθr2sinθ[g(r)2 + f(r)2]eiQrcosθ, (C.6)
aB1 = B⟨ϕ0|b†0χf ′
3∑
i=1
Q(i)χfb0|ϕ0⟩B
= ⟨B ↑ |
3∑
i=1
Q(i)|B ↑⟩. (C.7)
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C.2 Counterterm Diagram (CT)
Figure C.2 Counterterm diagram.
GBE(Q2)
∣∣∣
CT
= B⟨ϕ0|Q
∫
δ(t)d4xe−iqxδj0ψ(x)|ϕ0⟩B
= B⟨ϕ0|Q
∫
δ(t)d4xe−iqxψ¯(x)(Z − 1)γ0ψ(x)|ϕ0⟩B
=
[
aB2 (Zˆ − 1) + aB3 (Zs − 1)
]
GpE(Q2)|LO3q , (C.8)
where
aB2 = B⟨ϕ0|b†0χf ′
3∑
i=1
Qˆ(i)χfb0|ϕ0⟩B
= ⟨B ↑ |
3∑
i=1
Qˆ(i)|B ↑⟩, (C.9)
aB3 = B⟨ϕ0|b†0χf ′
3∑
i=1
Qs(i)χfb0|ϕ0⟩B
= ⟨B ↑ |
3∑
i=1
Qs(i)|B ↑⟩, (C.10)
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Qˆ =

2/3 0 0
0 −1/3 0
0 0 0
 , (C.11)
Qs =

0 0 0
0 0 0
0 0 −1/3
 . (C.12)
C.3 Meson Cloud Diagram (MC)
Figure C.3 Meson Cloud Diagram.
GBE(Q2)
∣∣∣α
MC
= B⟨ϕ0| i
2
2!
∫
δ(t)d4xd4x1d4x2e−iqxT
[
LWI (x1)LWI (x2)j0Φ(x)
]
|ϕ0⟩B
= 4 B⟨ϕ0|−12
∫
δ(t)d4xd4x1d4x2e−iqx
×N
{[ 1
2F ∂µΦiψ¯γ
µγ5λiψ
]
x1
[
(f3kl +
f8kl√
3
)Φk
∂
∂t
Φl
]
x
[ 1
2F ∂νΦjψ¯γ
νγ5λjψ
]
x2
}
×|ϕ0⟩B
= −i2F 2(2π)8
B⟨ϕ0|b†0
∫
d3x1d
3x2d
4k1d
4k2
e−ik⃗1·x⃗1
M2Φ − k21 − iϵ
e−ik⃗2·x⃗2
M2Φ − k22 − iϵ
×(f3ij + f8ij√3 )u¯0(x1)γ
µk1µγ
5λiuα(x1)u¯α(x2)γνk2νγ5k02λju0(x2)
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×
∫
dtdt1dt2δtΘ(t1 − t2)e−iqte−iε0(t2−t1)e−iεα(t1−t2)e−ik01(t1−t)e−ik02(t−t2)
×
∫
d3xe−i(k⃗1−k⃗2−q⃗)·x⃗b0|ϕ0⟩B
= −(f3ij +
f8ij√
3 )
2F 2(2π)4
B⟨ϕ0|b†0
∫
d3x1d
3x2d
3k1d
3k2δ(k⃗1 − k⃗2 − q⃗)
×
∫
dk01dk
0
2
δ(k01 − k02)
[ωΦ(k21)− (k01)2 − iϵ][ωΦ(k22)− (k02)2 − iϵ][∆εα + k01 − iϵ]
×
[
(k02)3u¯0(x1)γ0γ5λiuα(x1)u¯α(x2)γ0γ5λju0(x2)
−(k02)2u¯0(x1)γ0γ5λiuα(x1)u¯α(x2)γ⃗ · k⃗2γ5λju0(x2)
−(k02)2u¯0(x1)γ⃗ · k⃗1γ5λiuα(x1)u¯α(x2)γ0γ5λju0(x2)
+k02u¯0(x1)γ⃗ · k⃗1γ5λiuα(x1)u¯α(x2)γ⃗ · k⃗2γ5λju0(x2)
]
b0|ϕ0⟩B
= i4F 2(2π)3
B⟨ϕ0|b†0
∫
d3k2
f3ij + f8ij√3
[ωΦ(k′22 ) + ωΦ(k22)][ωΦ(k′22 ) + ∆εα][ωΦ(k22) + ∆εα]
×
{[
ωΦ(k′22 )ωΦ(k22) + (ωΦ(k′22 ) + ωΦ(k22))∆εα
]
×
∫
d3x1u¯0(x1)γ0γ5λiuα(x1)eik⃗
′
2·x⃗1
∫
d3x2u¯α(x2)γ0γ5λju0(x2)e−ik⃗2·x⃗2
−∆εα
∫
d3x1u¯0(x1)γ0γ5λiuα(x1)eik⃗
′
2·x⃗1
∫
d3x2u¯α(x2)γ⃗ · k⃗2γ5λju0(x2)e−ik⃗2·x⃗2
−∆εα
∫
d3x1u¯0(x1)γ⃗ · k⃗′2γ5λiuα(x1)eik⃗
′
2·x⃗1
∫
d3x2u¯α(x2)γ0γ5λju0(x2)e−ik⃗2·x⃗2
−
∫
d3x1u¯0(x1)γ⃗ · k⃗′2γ5λiuα(x1)eik⃗
′
2·x⃗1
∫
d3x2u¯α(x2)γ⃗ · k⃗2γ5λju0(x2)e−ik⃗2·x⃗2
}
×b0|ϕ0⟩B
= i4F 2(2π)3
B⟨ϕ0|b†0χ†cχ†fχ†s
∫
d3k2
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× 1[ωΦ(k′22 ) + ωΦ(k22)][ωΦ(k′22 ) + ∆εα][ωΦ(k22) + ∆εα]
×
{[
ωΦ(k′22 )ωΦ(k22) + (ωΦ(k′22 ) + ωΦ(k22))∆εα
]
FIα(k′2)F
†
Iα(k2)
−∆εαFIα(k′2)F †IIα(k2)−∆εαFIIα(k′2)F †Iα(k2)− FIIα(k′2)F †IIα(k2)
}
×(f3ij + f8ij√3 )[(σ⃗ · k⃗
′
2)λi]0,α[(σ⃗ · k⃗2)λj]α,0χsχfχcb0|ϕ0⟩B (C.13)
where ∆εα = εα − ε0, k⃗′2 = k⃗1 + q⃗ and ωΦ(k2) =
√
M2Φ + k2,
∫
d3xu¯0(x)γ0γ5λiuα(x)eik⃗·x⃗ = FIα(k)χ†cχ
†
fχ
†
s[σ⃗ · k⃗λi]0,αχsχfχc, (C.14)
∫
d3x1u¯0(x)γ⃗ · k⃗γ5λiuα(x)eik⃗·x⃗ = FIIα(k)χ†cχ†fχ†s[σ⃗ · k⃗λi]0,αχsχfχc, (C.15)
with
FIα(k) =
∫ ∞
0
drr[g0(r)fα(r)− f0(r)gα(r)] ∂
∂k
∫
Ω
dΩeikrcosθCαYlα0(θ, ϕ),
(C.16)
FIIα(k) =
∫ ∞
0
drr2[g0(r)gα(r)− f0(r)fα(r)]
∫
Ω
dΩeikrcosθCαYlα0(θ, ϕ)
−2i ∂
∂k
∫ ∞
0
drrf0(r)fα(r)
∫
Ω
dΩcosθeikrcosθCαYlα0(θ, ϕ). (C.17)
We deﬁne x = cosθ = q⃗·⃗k2|q⃗||⃗k2| , k = |⃗k2|, Q = |q⃗| and
k± = |q⃗ ± k⃗2| =
√
k2 +Q2 ± 2kQx, (C.18)
∫
d3k2 =
∫ ∞
0
dkk2
∫ 1
−1
dx
∫ 2π
0
dϕ. (C.19)
We obtain the expression of GBE(Q2)
∣∣∣α
MC
as
GBE(Q2)
∣∣∣α
MC
= − 12(2πF )2
∫ ∞
0
dk
∫ 1
−1
dxk2(k2 + kQx)
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×
{[
ωΦ(k2+)ωΦ(k2) + (ωΦ(k2+) + ωΦ(k22))∆εα
]
FIα(k+)F †Iα(k)
−∆εαFIα(k+)F †IIα(k)−∆εαFIIα(k+)F †Iα(k)− FIIα(k+)F †IIα(k)
}
×
B⟨ϕ0|b†0χ†cχ†fχ†s−i2 (f3ij + f8ij√3 )λiλjχsχfχcb0|ϕ0⟩B
[ωΦ(k2+) + ωΦ(k2)][ωΦ(k2+) + ∆εα][ωΦ(k2) + ∆εα]
. (C.20)
In our calculation, the quark propagator is restricted on the ground state
only, i.e. α = 0. Hence, we have ∆εα = 0, FI0(k2) = 0 and
FII(k) = 2π
∫ ∞
0
dr
∫ π
0
dθr2(g0(r)2 + f0(r)2cos2θ)sinθeikrcosθ, (C.21)
Finally
GBE(Q2)
∣∣∣
MC
= 12(2πF )2
∫ ∞
0
dk
∫ 1
−1
dxk2(k2 + kQx)FII(k)FII(k+)
×[aB4 Cπ(k2, Q2, x) + aB5 CK(k2, Q2, x)], (C.22)
where
CΦ(k2, Q2, x) =
1
ωΦ(k2)ωΦ(k2+)[ωΦ(k2) + ωΦ(k2+)]
, (C.23)
aB4 =
3∑
i,j=1
B⟨ϕ0|b†0χ†f ′ −
i
2(f3ij +
f8ij√
3
)λiλjχfb0|ϕ0⟩B
=
3∑
i,j=1
⟨B|
3∑
k=1
− i2(f3ij +
f8ij√
3
)λi(k)λj(k)|B⟩, (C.24)
aB5 =
7∑
i,j=4
⟨B|
3∑
k=1
− i2(f3ij +
f8ij√
3
)λi(k)λj(k)|B⟩. (C.25)
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C.4 Vertex Correction Diagram (VC)
Figure C.4 Vertex Correction Diagram.
GBE(Q2)
∣∣∣α
V C
= B⟨ϕ0| i
2
2!
∫
δ(t)d4xd4x1d4x2e−iqxT
[
LWI (x1)LWI (x2)j0ψ(x)
]
|ϕ0⟩B
= 2 B⟨ϕ0|−12
∫
δ(t)d4xd4x1d4x2e−iqx
×N
{[ 1
2F ∂µΦiψ¯γ
µγ5λiψ
]
x1
[
ψ¯γ0Qψ
]
x
[ 1
2F ∂νΦjψ¯γ
νγ5λjψ
]
x2
}
|ϕ0⟩B
= i4F 2(2π)4
B⟨ϕ0|b†0
∫
d3xd3x1d
3x2d
4keiq⃗·x⃗
eik⃗·(x⃗1−x⃗2)
M2Φ − k2 − iϵ
×u¯0(x1)γµkµγ5λiuα(x1)u¯α(x)γ0Quβ(x)u¯β(x2)γνkνγ5λiu0(x2)
×
∫
dtdt1dt2δtΘ(t1 − t)Θ(t− t2)e−iqte−iε0(t2−t1)e−iεα(t1−t)
×e−iεβ(t−t2)e−ik0(t1−t2)b0|ϕ0⟩B
= −i4F 2(2π)4
B⟨ϕ0|b†0d3xd3x1d3x2d3keiq⃗·x⃗eik⃗·(x⃗1−x⃗2)
×
∫
dk0
1
[ωΦ(k2)− (k0)2 − iϵ][k0 +∆εα − iη][k0 +∆εβ − iη]
×u¯0(x1)(γ0k0 − γ⃗ · k⃗)γ5λiuα(x1)u¯α(x)γ0Quβ(x)
×u¯β(x2)(γ0k0 − γ⃗ · k⃗)γ5λiu0(x2)b0|ϕ0⟩B
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=
GpE(Q2)
∣∣∣α
LO
8F 2(2π)3
B⟨ϕ0|b†0χ†cχ†fχ†s
∫
d3k
1
ωΦ(k2)[ωΦ(k2) + ∆εα]2
×
[
ω2Φ(k2)FIα(k)F
†
Iα(k)− ωΦ(k2)FIα(k)F †IIα(k)− ωΦ(k2)FIIα(k)F †Iα(k)
+FIIα(k)F †IIα(k)
]
[(σ⃗ · k⃗)λi]0,αQαα[(σ⃗ · k⃗)λi]α,0χsχfχcb0|ϕ0⟩B, (C.26)
where
∫
d3xu¯α(x)γ0Quβ(x)eiq⃗·x⃗ = δαβGpE(Q2)
∣∣∣α
LO
χ†cχ
†
fχ
†
sQαβχsχfχc. (C.27)
Finally, we have
GBE(Q2)
∣∣∣α
V C
= 14(2πF )2G
p
E(Q2)
∣∣∣α
LO
∫
dkk4
[
ω2Φ(k2)FIα(k)F
†
Iα(k)
−ωΦ(k2)FIα(k)F †IIα(k)− ωΦ(k2)FIIα(k)F †Iα(k) + FIIα(k)F †IIα(k)
]
×
B⟨ϕ0|b†0χ†cχ†fχ†sλiQλiχsχfχcb0|ϕ0⟩B
ωΦ(k2)[ωΦ(k2) + ∆εα]2
. (C.28)
For the case α = 0, we obtain
GBE(Q2)
∣∣∣
V C
= 14(2πF )2G
p
E(Q2)
∣∣∣
LO
∫ ∞
0
dkk4F 2II(k)
×
[
aB6
ω3π(k2)
+ a
B
7
ω3K(k2)
+ a
B
8
ω3η(k2)
]
, (C.29)
where
aB6 = B⟨ϕ0|b†0χ†cχ†fχ†sλiQλiχsχfχcb0|ϕ0⟩B
=
3∑
i=1
⟨B|
3∑
k=1
[λiQλi](k)|B⟩
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aB7 =
7∑
i=4
⟨B|
3∑
k=1
[λiQλi](k)|B⟩,
aB8 = ⟨B|
3∑
k=1
[λ8Qλ8](k)|B⟩. (C.30)
 
 
 
 
 
 
 
 
APPENDIX D
CALCULATION OF THE DIAGRAMS FOR
THE MAGNETIC FORM FACTOR
The diagrams contributing to the magnetic form factor are the same ones as
for the case of the charge form factor and the meson-in-ﬂight diagram in addition.
D.1 Leading Order Diagram (LO)
χ†B′s
iσ⃗×q⃗
mB+m′B
χBsG
B
M(Q2)
∣∣∣
LO
= B⟨ϕ0|Q
∫
δ(t)d4xe−iqxj⃗ψ(x)|ϕ0⟩B
= B⟨ϕ0|b†0Q
∫
d3xeiq⃗·x⃗u†0(x)γ0γ⃗u0(x)b0|ϕ0⟩B
= 2 ∂
∂q
∫
d3xeiq⃗·x⃗
g(r)f(r)
r
B⟨ϕ0|b†0χ†c′χ†f ′χ†s′Q(σ⃗ × qˆ)χsχfχcb0|ϕ0⟩B (D.1)
here we restrict initial and ﬁnal spin states to be in the same states, and deﬁne
qˆ = jˆ, σ⃗ × qˆ = −σ3iˆ+ σ1kˆ, we have
χ†c′χ
†
f ′χ
†
s′Q(σ⃗ × qˆ)χsχfχc = −χ†c′χ†f ′χ†s′Qσ3χsχfχciˆ (D.2)
and
χ†B′s
iσ⃗ × q⃗
mB +m′B
χBs = −
Q
2mB
χ†B′sσ3χBs iˆ. (D.3)
Finally, the leading order of magnetic form factor can be obtained as
GBM(Q2)
∣∣∣
LO
= bB1
mB
mN
GpM(Q2)
∣∣∣
LO
, (D.4)
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where
GpM(Q2)
∣∣∣
LO
= 4πimN
Q
∫ ∞
0
dr
∫ π
0
dθr2sin(2θ)g(r)f(r)eiQrcosθ, (D.5)
bB1 = B⟨ϕ0|b†0χ†c′χ†f ′χ†s′Qσ3χsχfχc|ϕ0⟩B
= ⟨B ↑ |
3∑
k=1
[Qσ3](k)|B ↑⟩. (D.6)
D.2 Counterterm Diagram (CT)
χ†B′s
iσ⃗×q⃗
mB+m′B
χBsG
B
E(Q2)
∣∣∣
CT
= B⟨ϕ0|Q
∫
δ(t)d4xe−iqxδj⃗ψ(x)|ϕ0⟩B
= B⟨ϕ0|b†0Q
∫
d3xeiq⃗·x⃗u†0(x)(Z − 1)γ0γ⃗u0(x)b0|ϕ0⟩B, (D.7)
then
GBE(Q2)
∣∣∣
CT
=
[
bB2 (Zˆ − 1) + bB3 (Zs − 1)
]mB
mN
GpM(Q2)
∣∣∣
LO
, (D.8)
where
bB2 = B⟨ϕ0|b†0χ†c′χ†f ′χ†s′
3∑
k=1
[Qˆσ3](k)χsχfχcb0|ϕ0⟩B
= ⟨B ↑ |
3∑
k=1
[Qˆσ3](k)|B ↑⟩, (D.9)
bB3 = ⟨B ↑ |
3∑
k=1
[Qsσ3](k)|B ↑⟩. (D.10)
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D.3 Meson Cloud Diagram (MC)
GBM(Q2)
∣∣∣α
MC
= B⟨ϕ0| i
2
2!
∫
δ(t)d4xd4x1d4x2e−iqxT
[
LWI (x1)LWI (x2)⃗jΦ(x)
]
|ϕ0⟩B
= 4 B⟨ϕ0|−12
∫
δ(t)d4xd4x1d4x2e−iqx
×N
{[ 1
2F ∂µΦiψ¯γ
µγ5λiψ
]
x1
[
(f3kl +
f8kl√
3
)Φk(−∇⃗Φl)
]
x
[ 1
2F ∂νΦjψ¯γ
νγ5λjψ
]
x2
}
×|ϕ0⟩B
= −i2F 2(2π)8
B⟨ϕ0|b†0
∫
d3x1d
3x2d
4k1d
4k2
e−ik⃗1·x⃗1
M2Φ − k21 − iϵ
e−ik⃗2·x⃗2
M2Φ − k22 − iϵ
×(f3kl + f8kl√3 )u¯0(x1)γ
µk1µγ
5λiuα(x1)u¯α(x2)γνk2νγ5k⃗2λju0(x2)
×
∫
dtdt1dt2δtΘ(t1 − t2)e−iq0te−iε0(t2−t1)e−iεα(t1−t2)e−ik01(t1−t)e−ik02(t−t2)
×
∫
d3xe−i(k⃗1−k⃗2−q⃗)·x⃗b0|ϕ0⟩B
= −(f3ij +
f8ij√
3 )
2F 2(2π)4
B⟨ϕ0|b†0
∫
d3x1d
3x2d
3k1d
3k2k⃗2δ(k⃗1 − k⃗2 − q⃗)
×
∫
dk01dk
0
2
δ(k01 − k02)
[ωΦ(k21)− (k01)2 − iϵ][ωΦ(k22)− (k02)2 − iϵ][∆εα + k01 − iη]
×
[
(k02)2u¯0(x1)γ0γ5λiuα(x1)u¯α(x2)γ0γ5λju0(x2)
−k02u¯0(x1)γ0γ5λiuα(x1)u¯α(x2)γ⃗ · k⃗2γ5λju0(x2)
−k02u¯0(x1)γ⃗ · k⃗1γ5λiuα(x1)u¯α(x2)γ0γ5λju0(x2)
+u¯0(x1)γ⃗ · k⃗1γ5λiuα(x1)u¯α(x2)γ⃗ · k⃗2γ5λju0(x2)
]
b0|ϕ0⟩B
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= i4F 2(2π)3
B⟨ϕ0|b†0
∫
d3k2k⃗2
f3ij + f8ij√3
ωΦ(k′22 )ωΦ(k22)[ωΦ(k′22 ) + ∆εα][ωΦ(k22) + ∆εα]
×
{
− ∆εαωΦ(k
2
2)ωΦ(k′22 )
ωΦ(k′22 ) + ωΦ(k22)
∫
d3x1u¯0(x1)γ0γ5λiuα(x1)eik⃗
′
2·x⃗1
×
∫
d3x2u¯α(x2)γ0γ5λju0(x2)e−ik⃗2·x⃗2 − ωΦ(k
′2
2 )ωΦ(k22)
ωΦ(k′22 ) + ωΦ(k22)
×
∫
d3x1u¯0(x1)γ0γ5λiuα(x1)eik⃗
′
2·x⃗1
∫
d3x2u¯α(x2)γ⃗ · k⃗2γ5λju0(x2)e−ik⃗2·x⃗2
− ωΦ(k
′2
2 )ωΦ(k22)
ωΦ(k′22 ) + ωΦ(k22)
∫
d3x1u¯0(x1)γ⃗ · k⃗′2γ5λiuα(x1)eik⃗
′
2·x⃗1
×
∫
d3x2u¯α(x2)γ0γ5λju0(x2)e−ik⃗2·x⃗2 +
ωΦ(k′22 ) + ωΦ(k22) + ∆εα
ωΦ(k′22 ) + ωΦ(k22)
×
∫
d3x1u¯0(x1)γ⃗ · k⃗′2γ5λiuα(x1)eik⃗
′
2·x⃗1
∫
d3x2u¯α(x2)γ⃗ · k⃗2γ5λju0(x2)e−ik⃗2·x⃗2
}
×b0|ϕ0⟩B
= i4F 2(2π)3
B⟨ϕ0|b†0χ†cχ†fχ†s
∫
d3k2k⃗2
× 1
ωΦ(k′22 )ωΦ(k22)[ωΦ(k′22 ) + ∆εα][ωΦ(k22) + ∆εα]
×
{
− ∆εαωΦ(k
2
2)ωΦ(k′22 )
ωΦ(k′22 ) + ωΦ(k22)
FIα(k′2)F
†
Iα(k2)
+ ωΦ(k
′2
2 )ωΦ(k22)
ωΦ(k′22 ) + ωΦ(k22)
FIα(k′2)F
†
IIα(k2) +
ωΦ(k′22 )ωΦ(k22)
ωΦ(k′22 ) + ωΦ(k22)
FIIα(k′2)F
†
Iα(k2)
+ωΦ(k
′2
2 ) + ωΦ(k22) + ∆εα
ωΦ(k′22 ) + ωΦ(k22)
FIIα(k′2)F
†
IIα(k2)
}
×(f3ij + f8ij√3 )[(σ⃗ · k⃗
′
2)λi]0,α[(σ⃗ · k⃗2)λj]α,0χsχfχcb0|ϕ0⟩B
= − 5i12(2πF )2
∫ ∞
0
dk
∫ 1
−1
dxk4(1− x2)
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×
{
− ∆εαωΦ(k
2
2)ωΦ(k′22 )
ωΦ(k′22 ) + ωΦ(k22)
FIα(k′2)F
†
Iα(k2)
+ ωΦ(k
′2
2 )ωΦ(k22)
ωΦ(k′22 ) + ωΦ(k22)
FIα(k′2)F
†
IIα(k2) +
ωΦ(k′22 )ωΦ(k22)
ωΦ(k′22 ) + ωΦ(k22)
FIIα(k′2)F
†
Iα(k2)
+ωΦ(k
′2
2 ) + ωΦ(k22) + ∆εα
ωΦ(k′22 ) + ωΦ(k22)
FIIα(k′2)F
†
IIα(k2)
}
×
B⟨ϕ0|b†0χ†cχ†fχ†s−3i10 (f3ij + f8ij√3 )λiλjσ3χsχfχcb0|ϕ0⟩B
ωΦ(k2+)ωΦ(k2)[ωΦ(k2+) + ∆εα][ωΦ(k2) + ∆εα]
, (D.11)
When the quark propagator is restricted on the ground state, we obtain
GBM(Q2)
∣∣∣
MC
= 56(2πF )2
∫ ∞
0
dk
∫ 1
−1
dxk4(1− x2)
×FII(k)FII(k+)[bB4 Dπ(k2, Q2, x) + bB5 DK(k2, Q2, x)],
(D.12)
where
DΦ(k2, Q2, x) =
1
ω2Φ(k2+)ω2Φ(k2)
, (D.13)
bB4 =
3∑
i,j=1
B⟨ϕ0|b†0χ†f ′χ†s′ −
3i
10(f3ij +
f8ij√
3
)λiλjσ3χsχfb0|ϕ0⟩B
=
3∑
i,j=1
⟨B ↑ |
3∑
k=1
[− 3i10(f3ij +
f8ij√
3
)λiλjσ3](k)|B ↑⟩, (D.14)
bB5 =
7∑
i,j=4
⟨B ↑ |
3∑
k=1
[− 3i10(f3ij +
f8ij√
3
)λiλjσ3](k)|B ↑⟩. (D.15)
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D.4 Vertex Correction Diagram (VC)
GBM(Q2)
∣∣∣αβ
V C
= B⟨ϕ0| i
2
2!
∫
δ(t)d4xd4x1d4x2e−iqxT
[
LWI (x1)LWI (x2)⃗jψ(x)
]
|ϕ0⟩B
= 2 B⟨ϕ0|−12
∫
δ(t)d4xd4x1d4x2e−iqx
×N
{[ 1
2F ∂µΦiψ¯γ
µγ5λiψ
]
x1
[
ψ¯γ⃗Qψ
]
x
[ 1
2F ∂νΦjψ¯γ
νγ5λjψ
]
x2
}
|ϕ0⟩B
= i4F 2(2π)4
B⟨ϕ0|b†0
∫
d3xd3x1d
3x2d
4keiq⃗·x⃗
eik⃗·(x⃗1−x⃗2)
M2Φ − k2 − iϵ
×u¯0(x1)γµkµγ5λiuα(x1)u¯α(x)γ⃗Quβ(x)u¯β(x2)γνkνγ5λiu0(x2)
×
∫
dtdt1dt2δtΘ(t1 − t)Θ(t− t2)e−iqte−iε0(t2−t1)e−iεα(t1−t)
×e−iεβ(t−t2)e−ik0(t1−t2)b0|ϕ0⟩B
= −i4F 2(2π)4
B⟨ϕ0|b†0d3xd3x1d3x2d3keiq⃗·x⃗eik⃗·(x⃗1−x⃗2)
×
∫
dk0
1
[ωΦ(k2)− (k0)2 − iϵ][k0 +∆εα − iη][k0 +∆εβ − iη]
×u¯0(x1)(γ0k0 − γ⃗ · k⃗)γ5λiuα(x1)u¯α(x)γ⃗Quβ(x)
×u¯β(x2)(γ0k0 − γ⃗ · k⃗)γ5λiu0(x2)b0|ϕ0⟩B
=
GpM(Q2)
∣∣∣α
LO
8F 2(2π)3
B⟨ϕ0|b†0χ†cχ†fχ†s
∫
d3k
1
ωΦ(k2)[ωΦ(k2) + ∆εα]2
×
[
ω2Φ(k2)FIα(k)F
†
Iα(k)− ωΦ(k2)FIα(k)F †IIα(k)− ωΦ(k2)FIIα(k)F †Iα(k)
+FIIα(k)F †IIα(k)
]
λiQααλi(σ⃗ · k⃗)(σ⃗ × k⃗)(σ⃗ · k⃗)χsχfχcb0|ϕ0⟩B
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= qiˆ4(2πF )2G
p
M(Q2)
∣∣∣α
LO
∫ ∞
0
dkk4
[
ω2Φ(k2)FIα(k)F
†
Iα(k)− ωΦ(k2)FIα(k)F †IIα(k)
−ωΦ(k2)FIIα(k)F †Iα(k) + FIIα(k)F †IIα(k)
]
×
B⟨ϕ0|b†0χ†cχ†fχ†sλiQααλiσ3χsχfχcb0|ϕ0⟩B
ωΦ(k2)[ωΦ(k2) + ∆εα]2
, (D.16)
where ∫
d3xu¯α(x)γ⃗uβ(x)eiq⃗·x⃗ = δαβGpE(Q2)
∣∣∣α
LO
. (D.17)
For the case α = 0, we obtain
GBM(Q2)
∣∣∣
V C
= 12(2πF )2G
p
M(Q2)
∣∣∣
LO
∫ ∞
0
dkk4F 2II(k2)
×
[
bB6
ω3π(k2)
+ b
B
7
ω3K(k2)
+ b
B
8
ω3η(k2)
]
. (D.18)
where
aB6 = B⟨ϕ0|b†0χ†cχ†fχ†sλiQλiσ3χsχfχcb0|ϕ0⟩B
=
3∑
i=1
⟨B ↑ |
3∑
k=1
[λiQλiσ3](k)|B ↑⟩,
aB7 =
7∑
i=4
⟨B ↑ |
3∑
k=1
[λiQλiσ3](k)|B ↑⟩,
aB8 = ⟨B ↑ |
3∑
k=1
[λ8Qλ8σ3](k)|B ↑⟩. (D.19)
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D.5 Meson-in-Flight Diagram (MF)
Figure D.1 Meson-in-Flight Diagram.
GBE(Q2)
∣∣∣
MF
= B⟨ϕ0| i
2
2!
∫
δ(t)d4xd4x1d4x2e−iqxT
[
LWI (x1)LWI (x2)⃗jΦ(x)
]
|ϕ0⟩B
= 2 B⟨ϕ0|−12
∫
δ(t)d4xd4x1d4x2e−iqx
×N
{[ 1
2F ∂µΦiψ¯γ
µγ5λiψ
]
x1
[
(f3kl +
f8kl√
3
)Φk(−∇⃗Φl)
]
x
[ 1
2F ∂νΦjψ¯γ
νγ5λjψ
]
x2
}
×|ϕ0⟩B
= −i4F 2(2π)8
B⟨ϕ0|bm†0 bn†0
∫
d3x1d
3x2d
4k1d
4k2k⃗2
eik⃗1·x⃗1
M2Φ − k21 − iϵ
e−ik⃗2·x⃗2
M2Φ − k22 − iϵ
×(f3ij + f8ij√3 )u¯0(x1)γ
µk1µγ
5λiu0(x1)u¯0(x2)γνk2νγ5λju0(x2)
×
∫
dtdt1dt2δte
−iqte−ik
0
1(t1−t)e−ik
0
2(t−t2)
∫
d3xe−i(−k⃗1−k⃗2−q⃗)·x⃗bn0b
m
0 |ϕ0⟩B
= −(f3ij +
f8ij√
3 )
2F 2(2π)4
B⟨ϕ0|bm†0 bn†0
∫
d3x1d
3x2d
3k1d
3k2k⃗2δ(k⃗1 − k⃗2 − q⃗)
×
∫
dk02
1
[ωΦ(k21)− (k01)2 − iϵ][ωΦ(k22)− (k02)2 − iϵ][k01 − iϵ]
×
[
(k02)2u¯0(x1)γ0γ5λiu0(x1)u¯0(x2)γ0γ5λju0(x2)
−k02u¯0(x1)γ0γ5λiu0(x1)u¯0(x2)γ⃗ · k⃗2γ5λju0(x2)
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−k02u¯0(x1)γ⃗ · k⃗1γ5λiu0(x1)u¯0(x2)γ0γ5λju0(x2)
+u¯0(x1)γ⃗ · k⃗1γ5λiu0(x1)u¯0(x2)γ⃗ · k⃗2γ5λju0(x2)
]
bn0b
m
0 |ϕ0⟩B
= − i4F 2(2π)3
B⟨ϕ0|bm†0 bn†0 χm†c χn†c χm†f χn†f χm†s χn†s
∫
d3k2k⃗2FII(k′2)FII(k2)
×(f3ij +
f8ij√
3 )[(σ⃗ · k⃗′2)λi][(σ⃗ · k⃗2)λj]
ω2Φ(k′22 )ω2Φ(k22)
χnsχ
m
s χ
n
fχ
m
f χ
n
cχ
m
c b
n
0b
m
0 |ϕ0⟩B
= −iq2(2πF )2
∫ ∞
0
dk
∫ 1
−1
dxk4(1− x2)FII(k′2)FII(k2)
× B⟨ϕ0|bm†0 bn†0 χm†c χn†c χm†f χn†f χm†s χn†s
1
4(f3ij +
f8ij√
3
)
× [λiσ1]
(k)[λjσ2](l)
ω2Φ(k′22 )ω2Φ(k22)
χnsχ
m
s χ
n
fχ
m
f χ
n
cχ
m
c b
n
0b
m
0 |ϕ0⟩B, (D.20)
Finally, we have
GBM(Q2)
∣∣∣
MF
= mB(2πF )2
∫ ∞
0
dk
∫ 1
−1
dxk4(1− x2)FII(k)FII(k+)
×[bB9 Dπ(k2, Q2, x) + bB10DK(k2, Q2, x)], (D.21)
where
bB9 =
3∑
i,j=1
⟨B ↑ |
3∑
k,l=1
k ̸=l
[λiσ1](k)[λjσ2](l)|B ↑⟩,
bB10 =
7∑
i,j=4
⟨B ↑ |
3∑
k,l=1
k ̸=l
[λiσ1](k)[λjσ2](l)|B ↑⟩. (D.22)
 
 
 
 
 
 
 
 
APPENDIX E
CALCULATION OF THE DIAGRAMS FOR
THE AXIAL FORM FACTOR
In the PCQM, the axial form factor of the baryon octet is given by
χ†Bs′ σ⃗B
τ 3B
2 χBsG
B
A(Q2) = B⟨ϕ0|
2∑
n=0
in
n!
∫
δ(t)d4xd4x1 · · · d4xne−iqx
×T [LWI (x1) · · · LWI (xn)A⃗3(x)]|ϕ0⟩Bc , (E.1)
where χBs and χ
†
Bs′
are the baryon spin wavefunctions in the initial and ﬁnal states,
σ⃗ is the spin matrix and τ3 is the third component of the SU(2) isospin matrix.
On the baryon level
χ†Bs′ σ⃗B
τ 3B
2 χBs =
1
2 . (E.2)
E.1 Leading Order Diagram (LO)
Figure E.1 Leading order Diagram.
GBA(Q2)
∣∣∣
LO
= 2 B⟨ϕ0|
∫
δ(x)d4xeiqxψ¯(x)γ3γ5λ32 ψ(x)|ϕ0⟩
B
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= B⟨ϕ0|b†0
∫
d3xeiq⃗·x⃗u†0(x)γ0γ3γ5λ3u0(x)b0|ϕ0⟩B
= 2π
∫ ∞
0
dr
∫ π
0
dθr2sinθ[g(r)2 + f(r)2cos(2θ)]eiQrcosθ
× B⟨ϕ0|b†0χ†c′χ†f ′χ†s′(σ3λ3)χsχfχcb0|ϕ0⟩B
= cB1 2π
∫ ∞
0
dr
∫ π
0
dθr2sinθ[g(r)2 + f(r)2cos(2θ)]eiQrcosθ (E.3)
where
cB1 = ⟨ϕ0|b†0χ†c′χ†f ′χ†s′(σ3λ3)χsχfχcb0|ϕ0⟩B
= B⟨B ↑ |
3∑
k=1
[σ3λ3](k)|B ↑⟩. (E.4)
E.2 Counterterm Diagram (CT)
Figure E.2 Counterterm Diagram.
GBA(Q2)
∣∣∣
CT
= 2 B⟨ϕ0|
∫
δ(x)d4xeiqxψ¯(x)(Zˆ − 1)γ3γ5λ32 ψ(x)|ϕ0⟩
B
= (Zˆ − 1)GBA(Q2)
∣∣∣
LO
. (E.5)
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E.3 Self-Energy Diagram I (SE;I)
Figure E.3 Self-energy Diagram I.
GBA(Q2)
∣∣∣α
SE;I
= 2 B⟨ϕ0|i
∫
δ(t)d4xd4x1e−iqx
×N
{[ 1
2F ∂µΦmψ¯γ
µγ5λmψ
]
x1
[
− f3ij2F ψ¯γ
3λiψΦj
]
x
}
|ϕ0⟩B
= 2if3ij4F 2(2π)4
B⟨ϕ0|b†0
∫
d3xd3x1d
4keiq⃗·x⃗
eik⃗·(x⃗1−x⃗)
M2Φ − k2 − iϵ
×u¯0(x1)γµkµγ5λjuα(x1)u¯α(x)γ3λiu0(x)
×
∫
dtdt1δtΘ(t1 − t)e−iq0te−iε0(t−t1)e−iεα(t1−t)e−ik0(t1−t)b0|ϕ0⟩B
= f3ij2F 2(2π)4
B⟨ϕ0|b†0
∫
d3xd3x1d
3keiq⃗·x⃗eik⃗·(x⃗1−x⃗)
×
∫
dk0
1
[ωΦ(k2)− k20 + iϵ][∆εα + k0 − iη]
×u¯0(x1)(γ0k0 − γ⃗ · k⃗)γ5λjuα(x1)u¯α(x)γ3λiu0(x)b0|ϕ0⟩B
= i4F 2(2π)3
B⟨ϕ0|b†0χ†cχ†fχ†s
∫
d3k
f3ij
ωΦ(k2)[ωΦ(k2) + ∆εα]
×
[
ωΦ(k2)FIα(k)− FIIα(k)
]
[(σ⃗ · k⃗)λj]0,α
{
FIIIα(|q⃗ − k⃗|)
|q⃗ − k⃗| [ϵ3mnkmσnλi]α,0
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+FIV α(|q⃗ − k⃗|)|q⃗ − k⃗| [
√
Q2 − k3 + iϵ3mnσmknλi]α,0
}
χsχfχcb0|ϕ0⟩B, (E.6)
where
∫
d3xu¯α(x)γ3λiu0(x)ei(q⃗−k⃗)·x⃗ =
FIIIα(|q⃗ − k⃗|)
|q⃗ − k⃗| [ϵ3mnkmσnλi]α,0
+FIV α(|q⃗ − k⃗|)|q⃗ − k⃗| [
√
Q2 − k3 + iϵ3mnσmknλi]α,0,
(E.7)
with
FIIIα(k) = −2i ∂
∂k
∫ ∞
0
drrg0(r)fα(r)
∫
Ω
dΩCαYlα0(θ, ϕ)eikxcosθ, (E.8)
FIV α(k) =
∂
∂k
∫ ∞
0
drr[gα(r)f0(r)− g0(r)fα(r)]
∫
Ω
dΩCαYlα0(θ, ϕ)eikxcosθ.
(E.9)
Finally, we get
GBA(Q2)
∣∣∣α
SE;I
= 12(2πF )2
∫ ∞
0
dkk3
ωΦ(k2)FIα(k)− FIIα(k)
ωΦ(k2)[ωΦ(k2) + ∆εα]
×
∫ 1
−1
dx
{
ik(1− x2)FIIIα(k−)√
k2−
+ FIV α(k−)√
k2−
[
√
Q2x+ k(1− 2x2)]
}
× B⟨ϕ0|b†0χ†cχ†fχ†s
i
2f3ijλjλiσ3χsχfχcb0|ϕ0⟩
B (E.10)
For α = 0
FIII(k) = −2iπ
∫ ∞
0
dr
∫ π
0
dθr2g(r)f(r)sin2θeikrcosθ, (E.11)
FIV (k) = 0. (E.12)
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Hence
GBA(Q2)|SE;I =
1
(2πF )2
∫ ∞
0
dk
∫ 1
−1
dxk4(1− x2)FII(k2)FIII(k2−)
× 1√
k2−
[
cB1
ω2π(k2)
+ c
B
2
ω2K(k2)
]
, (E.13)
where
cB1 =
3∑
i,j=1
B⟨ϕ0|b†0χ†cχ†fχ†s
i
2f3ijλjλiσ3χsχfχcb0|ϕ0⟩
B
= ⟨B ↑ |
3∑
k=1
[σ3λ3](k)|B ↑⟩, (E.14)
cB2 =
7∑
i,j=4
⟨B ↑ |
3∑
k=1
[ i2f3ijλjλiσ3]
(k)|B ↑⟩. (E.15)
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E.4 Self-Energy Diagram II (SE;II)
Figure E.4 Self-energy Diagram II.
GBA(Q2)
∣∣∣α
SE;II
= 2 B⟨ϕ0|i
∫
δ(t)d4xd4x1e−iqx
×N
{[
− f3ij2F ψ¯γ
3λiψΦj
]
x
[ 1
2F ∂µΦmψ¯γ
µγ5λmψ
]
x1
}
|ϕ0⟩B
= 2if3ij4F 2(2π)4
B⟨ϕ0|b†0
∫
d3xd3x1d
4keiq⃗·x⃗
eik⃗·(x⃗1−x⃗)
M2Φ − k2 − iϵ
×u¯0(x)γµkµγ5λjuα(x)u¯α(x1)γ3λiu0(x1)
×
∫
dtdt1δtΘ(t− t1)e−iq0te−iε0(t1−t)e−iεα(t−t1)e−ik0(t−t1)b0|ϕ0⟩B
= f3ij2F 2(2π)4
B⟨ϕ0|b†0
∫
d3xd3x1d
3keiq⃗·x⃗eik⃗·(x⃗−x⃗1)
×
∫
dk0
1
[ωΦ(k2)− k20 − iϵ][∆εα + k0 − iη]
×u¯0(x)(γ0k0 − γ⃗ · k⃗)γ5λjuα(x)u¯α(x1)γ3λiu0(x1)b0|ϕ0⟩B
= i4F 2(2π)3
B⟨ϕ0|b†0χ†cχ†fχ†s
∫
d3k
f3ij
ωΦ(k2)[ωΦ(k2) + ∆εα]
×
{
FIIIα(|q⃗ + k⃗|)
|q⃗ + k⃗| [ϵ3mnkmσnλi]0,α
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−FIV α(|q⃗ + k⃗|)|q⃗ + k⃗| [
√
Q2 + k3 + iϵ3mnσmknλi]0,α
}
×
[
ωΦ(k2)F †Iα(k)− F †IIα(k)
]
[(σ⃗ · k⃗)λj]α,0χsχfχcb0|ϕ0⟩B. (E.16)
It is similar to GBA(Q2)
∣∣∣α
SE;I
, we can obtain
GBA(Q2)
∣∣∣α
SE;II
= 12(2πF )2
∫ ∞
0
dkk3
ωΦ(k2)F †Iα(k)− F †IIα(k)
ωΦ(k2)[ωΦ(k2) + ∆εα]
×
∫ 1
−1
dx
{
ik(1− x2)FV α(k+)√
k2+
+ FIV α(k+)√
k2+
[
√
Q2x+ k)]
}
× B⟨ϕ0|b†0χ†cχ†fχ†s
i
2f3ijλjλiσ3χsχfχcb0|ϕ0⟩
B, (E.17)
where
FV α(k) = −2i ∂
∂k
∫ ∞
0
drrgα(r)f0(r)
∫
Ω
dΩCαYlα0(θ, ϕ)eikxcosθ. (E.18)
When we restrict the quark propagator to the ground state,
GBA(Q2)
∣∣∣
SE;I
= GBA(Q2)
∣∣∣
SE;II
. (E.19)
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E.5 Exchange Diagram (EX)
Figure E.5 Exchange Diagram.
GBA(Q2)
∣∣∣
EX
= 2 B⟨ϕ0|i
∫
δ(t)d4xd4x1e−iqx
×N
{[ 1
2F ∂µΦmψ¯γ
µγ5λmψ
]
x1
[
− f3ij2F ψ¯γ
3λiψΦj
]
x
}
|ϕ0⟩B
= if3ij2F 2(2π)4
B⟨ϕ0|b†0(x1)b†0(x)
∫
d3xd3x1d
4keiq⃗·x⃗
eik⃗·(x⃗1−x⃗)
M2Φ − k2 − iϵ
×u¯0(x1)γµkµγ5λju0(x1)u¯0(x)γ3λiu0(x)
×
∫
dtdt1δte
−iq0te−ik0(t1−t)b0(x)b0(x1)|ϕ0⟩B (E.20)
Here, there is no quark propagator contribution to GBA(Q2)
∣∣∣
EX
, i.e., the ground
state gives contribution only. Equation (E.20) is similar to Equation (E.6) when
α = 0.
GBA(Q2)
∣∣∣
EX
= 14(2πF )2
∫ ∞
0
dk
∫ 1
−1
dxk4(1− x2)FII(k2))FIII(k2−)
× 1√
k2−
[
cB3
ω2π(k2)
+ c
B
4
ω2K(k2)
]
. (E.21)
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where
cB3 =
3∑
i,j,m,n=1
⟨B ↑ |
3∑
k,l=1
k ̸=l
f3ijϵ3mn[σmλj](k)[σnλi](l)|B ↑⟩, (E.22)
cB4 =
7∑
i,j,m,n=4
⟨B ↑ |
3∑
k,l=1
k ̸=l
f3ijϵ3mn[σmλj](k)[σnλi](l)|B ↑⟩. (E.23)
E.6 Vertex Correction Diagram (VC)
Figure E.6 Vertex Correction Diagram.
GBA(Q2)
∣∣∣αβ
V C
= 4 B⟨ϕ0|−12
∫
δ(t)d4xd4x1d4x2e−iqx
×N
{[ 1
2F ∂µΦiψ¯γ
µγ5λiψ
]
x1
[
ψ¯γ3γ5
λ3
2 ψ
]
x
[ 1
2F ∂νΦjψ¯γ
νγ5λjψ
]
x2
}
|ϕ0⟩B
= i8F 2(2π)4
B⟨ϕ0|b†0
∫
d3xd3x1d
3x2d
4keiq⃗·x⃗
eik⃗·(x⃗1−x⃗2)
M2Φ − k2 − iϵ
×u¯0(x1)γµkµγ5λiuα(x1)u¯α(x)γ3γ5λ3uβ(x)u¯β(x2)γνkνγ5λiu0(x2)
×
∫
dtdt1dt2δtΘ(t1 − t)Θ(t− t2e−iq0te−iε0(t2−t1)e−iεα(t1−t)
×e−iεβ(t−t2)e−ik0(t1−t2)b0|ϕ0⟩B
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= −i8F 2(2π)4
B⟨ϕ0|b†0d3xd3x1d3x2d3keiq⃗·x⃗eik⃗·(x⃗1−x⃗2)
×
∫
dk0
1
[ωΦ(k2)− (k0)2 − iϵ][k0 +∆εα − iη][k0 +∆εβ − iη]
×u¯0(x1)(γ0k0 − γ⃗ · k⃗)γ5λiuα(x1)u¯α(x)γ3γ5λ3uβ(x)
×u¯β(x2)(γ0k0 − γ⃗ · k⃗)γ5λiu0(x2)b0|ϕ0⟩B
= −
3GNA (Q2)
∣∣∣α
LO
40F 2(2π)3
B⟨ϕ0|b†0χ†cχ†fχ†s
∫
d3k
1
ωΦ(k2)[ωΦ(k2) + ∆εα]2
×
[
ω2Φ(k2)FIα(k)F
†
Iα(k)− ωΦ(k2)FIα(k)F †IIα(k)− ωΦ(k2)FIIα(k)F †Iα(k)
+FIIα(k)F †IIα(k)
]
λiλ3λi
∫
Ω
dΩ(σ⃗ · k⃗)σ3(σ⃗ · k⃗)χsχfχcb0|ϕ0⟩B, (E.24)
where
∫
d3xu¯α(x)γ3γ5λ3uβ(x)eiq⃗·x⃗ =
3
5δαβG
N
A (Q2)
∣∣∣α
LO
χ†cχ
†
fχ
†
s[σ3λ3]αβχsχfχc. (E.25)
Finally, we have
GBA(Q2)
∣∣∣α
V C
= 120(2πF )2G
N
A (Q2)
∣∣∣α
LO
∫
dkk4
[
ω2Φ(k2)FIα(k)F
†
Iα(k)
−ωΦ(k2)FIα(k)F †IIα(k)− ωΦ(k2)FIIα(k)F †Iα(k) + FIIα(k)F †IIα(k)
]
×
B⟨ϕ0|b†0χ†cχ†fχ†sλiλ3λiσ3χsχfχcb0|ϕ0⟩B
ωΦ(k2)[ωΦ(k2) + ∆εα]2
. (E.26)
For the ground state α = 0, we obtain
GBA(Q2)|V C =
1
20(2πF )G
N
A (Q2)|LO
∫ ∞
0
dkk4F 2II(k2)
×
[
cB1
ω3π(k2)
+ c
B
5
ω3η(k2)
]
, (E.27)
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where
cB1 = B⟨ϕ0|b†0χ†cχ†fχ†sλiλ3λiσ3χsχfχcb0|ϕ0⟩B
=
3∑
i=1
⟨B ↑ |
3∑
k=1
[λiλ3λiσ3](k)|B ↑⟩
= ⟨B ↑ |
3∑
k=1
[λ3σ3](k)|B ↑⟩, (E.28)
cB5 = ⟨B ↑ |
3∑
k=1
[λ8λ3λ8σ3](k)|B ↑⟩. (E.29)
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